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Chapter 1 Introduction
1.1Fuel cells

1.1.1 A brief introduction to fuel cells
Fuel cells are electrochemical devices that use the chemical properties of a gaseous
fuel (hydrogen) and an oxidant gas (typically oxygen from the air) to directly create
electrochemical current, the electrical power [1,2]. Fuel cells work technically similar
to batteries in its basic principles, but unlike batteries. The difference from a battery is
that as long as the stored externally fuel and oxidant are supplied, the fuel cell will
continue producing energy and does not require recharging or run down. However, the
internal energy storage limits the capacity of a battery [3]. Compared to other
conventional thermo-mechanical systems, fuel cells can offer more electricity from
the same amount of fuel, giving much higher conversion efficiencies [4].
Most fuel cell systems is considered by a number of components [5]:
®  Unite cells.
The unite cells are the core of a fuel cell, where the electrochemical reactions
happen. The basic structure of a fuel cell comprises an anode (negative
electrode) and a cathode (positive electrode) on either side in contact with an
electrolyte layer. A schematic image of a unite cell is shown in Figure 1-1 [6].
Fuel is supplied to the anode and an oxidant gas is supplied to the cathode.
The electric current is generated from the electrochemical reactions taken

place at the electrodes through the electrolyte. The chemical reactions in the



anode and cathode are [7]
Anode reaction: Hx —>2H' +2¢ (1-1)
Cathode reaction: O2+4H" + 4e—> 2H20 (1-2)
The overall reaction for hydrogen/oxygen (air) fuel cells is given as [§]

2H>+02 —> 2H20 (1-3)

Fuetin — Oxidant in
0,
Positive ion
Negative ion
H-0
- Electrolyte
Dep!eledm:dJ Membrane
product gases o

Anode Cathode

Fig. 1-1. A schematic image of a unite cell

Fuel cell stacking

In order to meet the requirement for the applications, unit cells must be

connected in series into a cell stack via electrically conductive interconnects

such as bipolar plate to improve the voltage and current output level as shown

in Fig. 1-2.



Electrolyte membrane
Gas diffusion layer
Bi;/)olar Plate

Catalyst layer

Fig. 1-2 Fuel cell stack

® Fuel cell systems
In addition to the stack, there are other components such as fuel processing
system, air management system and power conditioning system, the so-called
balance of plant (BoP). The Bop forms the fuel cell system together with the

stack.

1.1.2 Fuel cell types

A variety of fuel cells are developed in difference stages with distinct
characteristics and classified according to the nature of the electrolyte and fuel used
[9]. The type of electrolyte decides the operating temperature range, the kind of need
catalyst used to speed up the reactions at the electrodes and the kind of chemical
reaction. The available five major different types are:

® Polymer electrolyte fuel cell (PEFC)

The PEFC consists of a solid polymer electrolyte that is an excellent proton



conductor. Water is the only liquid in the fuel cell. The PEFC is operated at
low temperatures around 80°C. The low enough temperature and higher power
density makes them suitable for homes and cars. However, the drawbacks are
that the platinum catalyst used on both the anode and cathode and the purified
fuels raise costs [10].

Alkaline fuel cells (AFC)

The AFC generally use an alkaline solution such as potassium hydroxide
(KOH) in water as their electrolyte. The AFC has the capability to reach about
70 percent efficiency. It operates at temperature between 140 to 200°C. The
AFCs require pure hydrogen and oxygen due to their susceptibility to carbon
contamination [11]. The one disadvantages of it is that the corrosive
electrolyte has shorter life span. Because of the flexible usage of a wide range
of electro-catalysts, the excellent performance on hydrogen and oxygen make
it an advantage.

Phosphoric acid fuel cell (PAFC)

The phosphoric acid fuel cell (PAFC) is a type of fuel cell that uses a liquid
phosphoric acid in a bonded silicon carbide matrix as the electrolyte. The
operating temperature of it is about 180°C. The electrical efficiency is
relatively low, ranges from 40 to 80 percent. The low power density and
durability issues limited the commercial success of the PAFC. When the pure
hydrogen (H:) is used as its input fuel, the involved chemical reaction in

PAFC is same as that of PEFC [12]. PAFC technology has the additional



advantage that it is more tolerant to impurities, in particular reformed
hydrocarbon fuels compared to the PEFC and AFC.

® Molten carbonate fuel cell (MCFC)
The Molten carbonate fuel cells (MCFC) usually use high temperature
compounds as the electrolyte which is molten carbonates salt suspended in a
porous ceramic matrix. The MCFC operates at about 650°C. Efficiency is in a
range of 60 to 80 percent. The development of the MCFC stems from the
problem of corrosive and mobile electrolyte, which lead to the requirement of
high-cost nickel and high-grade stainless steel [13,14].

® Solid oxide fuel cell (SOFC)
The electrolyte in solid oxide fuel cell is a hard solid ceramic, such as
stabilized zirconium oxide. The operating temperatures of it is very high,
about 800-1000°C. The high efficiency of 50-60 percent [15] and no need a
separate reformer are the main advantages. However, mechanical vulnerability
and high cost have limited the application of SOFC [16].

The summary of major differences of the fuel cell types is shown in Table 1-1[5].



Table 1-1 Summary of major of major differences of the fuel cell types [5]

PEFC AFC PAFC MCFC SOFC
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Exchange Hydroxide in Phosphoric . (Ceramics)
e s Carbonate in
Membranes asbestos Acid in SiC .
. LiAlO,
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Carbon Transition Carbon Nickel and and
metals Nickel Oxide | perovskite /
metal cermet
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metal P or Nickel !
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£COto remove trace remove CO
© Co and CO,
hydrogen
Prime Cell Carbon-based | Carbon-based | Graphite-based Stainless- Ceramic
Components based
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Management Product Product
Product Heat Process Gas +
Management Proc;issu(i_:rias | Process Gas + Liquid cooling Internal Internal
Coglin Electrolyte medium or Reforming + | Reforming +
Me diurﬁ Circulation steam Process Gas Process Gas

generation




1.2 Polymer electrolyte Fuel cells (PEFCs)

1.2.1 Overview

Polymer electrolyte fuel cells (PEFCs) that use a polymer membrane as an
electrolyte are able to operate at low temperatures, generate high power densities and
good energy efficiency [17]. Thereby, these advantages allow it can be made smaller
making increasingly attractive for transport applications as well as for certain portable
and vehicle applications. The PEFC is one of the most promising clean energy

converters without generating carbon dioxide emissions.

1.2.2 Cell components

A basic schematic of PEFC is shown in Fig. 1-3. Typical PEFC components
include:

® Two electrodes (anode and cathode)

® Proton exchange membrane (PEM)

®  QGas diffusion layer (GDL)

® (Catalyst

® Bipolar plate

The electrochemical reactions occur at two electrodes. Reactant hydrogen gas is fed
to the anode of the fuel cell that is oxidized into protons, while oxygen (air) gas is fed
to the cathode of the fuel cell that is reduced to water. Two electrodes is contact with a

membrane that is designed to separate the reactants (hydrogen and oxygen/air) and



transit the protons towards the electrodes. Two porous structures, gas diffusion layer
(GDL) and an active layer (AL) constitute the electrodes.

The Gas diffusion layer (GDL) connects the catalyst and current collector
electrically also as known as bipolar plates, and needs porous, electrically conductive
and thin. (GDL) is typically cloth or carbon paper with the thickness around 100-300
pm to help to remove the product water and prevents water flooding in the porous
cathode. In addition, the porous GDL in PEFC as the electrical conductor ensures the
diffusion of reactants effectively to the catalyst layer and allow the transportation of
electrons to and from the catalyst layer.

In the active layer (AL) that composed of the catalyst particles, pore spaces and
ionomer compose, a three-phase boundary can be formed. The electrochemical
oxidation and reduction reactions occur and protons, reactant gases and electrons
meet in this three-phase boundary.

The membrane electrode assembly (MEA) that consists of electrolyte membrane,
catalyst layers and gas diffusion layers is the heart of the PEFC [18]. The MEA is
sandwiched between anode and cathode electrodes that have the catalyst embedded in
them. In each cell, these components are prepared individually and then assembled
together at high pressures and temperature to form the MEA [19]. One important
features of the MEA is the sealing function to prevent the anode and cathode gas from
mixing and leaking to the outside of the fuel cell stack. The property of a MEA is
affected by the following factors:

(1) The characteristics of the proton exchange membrane (PEM), catalyst, gas



diffusion layers and so on;
(2) The MEA structure and the way it is manufactured;
(3) The structure of fuel cell stack and the flow field plates;
(4) PEFC operating conditions.

The catalyst material is the platinum (pure or alloyed) [20] for both the anode and
cathode, up to now. The hydrogen oxidation reaction (HOR) and oxygen reduction
reaction (ORR) can be catalyzed by platinum. However, in a PEFC, the hydrogen
oxidation reaction on platinum is very fast, almost three orders of magnitude higher of
exchange current density than that of the oxygen reduction reaction. Because of the
low kinetics of the ORR, the performance is loss [21,22]. The characteristics of
activity, stability, selectivity and poisoning resistance are essential for the PEFC
catalyst.

Generally, the proton exchange membrane (PEM) is the core component of a PEFC
and plays an important role. The PEM is an electronic insulator that can charge carrier
for protons, prevent the electrons form passing through the membrane and separate
the hydrogen and oxygen (air) gases [23]. Pure polymer membranes or composite
membranes can be made into PEMs. As a benchmark, Nafion developed by Dr.
Walther Grot in the late 1960s is the most common PEM used in the fuel cell industry
[24]. The Nafion material is highly chemically resistant, mechanically strong, acidic,
absorptive to water and good proton conductors. The most widely types of the Nafion
membranes used is 112 (2 mil), 115 (Smil), 117 (7 mil) and 1110 (10 mil), where 1

mil=25.4 pm.



Bipolar plate is one of the most important components of PEFC and also the point

of this thesis, the description of bipolar plate will be written in next section.

Electrolyte membrane

Anodejc thad
~— ELH ode O, gas

“J” Bipolar
Gas diffusion  Gas H,O Plate
layer  diffusion layer

Fig. 1-3. Basic schematic of a PEFC.
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1.3 Bipolar plate of PEFCs

1.3.1 Bipolar plate properties

Bipolar plate (BP) is a significant component of the PEFC stack that account for
more than 40% cost of the total stack and about 80% weight of the whole PEFC [25].
The bipolar plates have a number of functions in a PEFC stack [26], such as supply
the hydrogen and oxygen gases to the active areas, facilitate heat and water
management, provide structure support for the whole PEFC and bring current away
from one individual cell to another individual cell [27]. The bipolar plates are
primarily designed to offer the reactions gases (hydrogen and oxygen) via flow
channels to the anode and cathode electrodes. The different types of the flow channels

are shown in Fig. 1-4 [28].

(a) (b) (c) (d)
Fig. 1-4. Bipolar plates with different channel designs [28].
(a) GlobeTech geometry; (b) Serpentine geometry; (c) Spiral geometry;

(d) Discontinuous channels geometry
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There are many requirements for bipolar plates as follows [29,30]:

® [ ow cost material

® Reasonable thermal stability and high thermal conductivity (>10 W / mK)

® Good Electrical conductivity (in-plane <0.01 Q cm?)

® QGas flow easily

® Low permeability to hydrogen/ gas (<10* cm?® / s cm?)

® High manufacturability

® Reasonable compressive strength

® [ow volume and weight

® High corrosion resistance and chemical stability

® [ow interfacial contact resistance (<20 mQ cm? at 150 N cm™)

® Density (<5 gecm™)

® Corrosion rate (<1 pA cm™)

® Tensile strength (> 41 MPa)

® Flexural strength (>59 MPa)

12



1.3.2 Bipolar plate classification

So far, the materials used as bipolar plates can be classified as [31]:

1. Non-metal

Non-porous graphite plates

2. Metals

(1) Non-coated

Austenitic stainless steel; Ferritic stainless steel

(2) Coated

Bases: aluminum; titanium; nickel; stainless steel
Coatings: graphite; conductive polymer; diamond-like carbon;
organic self-assembled monopolymers; noble metals;

metal carbides; metal nitrides

3. Polymer composite plates

(1)

)

Metal based

porous graphite; polycarbonate plastic; stainless steel

Carbon based

Resin: poly (vinylidene fluoride); polypropylene; polyethylene;
epoxy resin; phenolic resins; furan resin; vinyl ester

Filler: carbon/graphite; carbon black; coke-graphite

Fiber: carbon/graphite; cellulose; cotton flock
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The advantages and disadvantages of different types of bipolar plate materials are

shown in Table 1-2 [32].

Table 1-2 The advantages and disadvantages of different types of bipolar plate

materials [32]

Material Advantages Disadvantages
Graphite Excellent corrosion resistance  Poor mechanical properties (brittleness)
Low bulk resistivity Porosity
Low contact resistance High weight and volume
High processing cost
Carbon-carbon Low density Low mechanical strength
composites High corrosion resistance Low bulk electrical conductivity
Low contact resistance High price
Carbon-polymer Low cost Low mechanical strength
composites Good corrosion resistance Low electrical conductivity
Low weight

No machining process
Commercial availability of
the raw materials

Metal Good electrical conductivity Severe corrosion (membrane
High thermal conductivity poisoning and formation of
Low cost insulating surface oxide)

Excellent mechanical properties
Ease of fabrication
Small volume

1.3.3 Graphitic bipolar plate

Generally, bipolar plate is divided into carbon-based and metallic based. Graphite,
the standard carbon-based bipolar plate is the commonly used bipolar plate material
due to the excellent chemical property, resistance to corrosion and high conductivity
in the PEFC operating environment. However, the high cost of production of gas

channels in the surface of the graphite bipolar plate is one of the main problems that
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limit the use of the graphite bipolar plate. The graphite also has poor mechanical
properties and inherent brittleness [33] that is not suitable for mobile and
transportation applications need effective mass production [34]. In order to make the
graphite impermeable to the oxygen and fuel, graphite bipolar plate have to be coated.
In additional, the molecular structure, flexural strength and porosity have limited the
thickness of graphite bipolar plate to about 4-6 mm [35,36] resulting in low power
density, high weight and volume. Therefore, the disadvantages of graphite bipolar
plate have led many researchers to make effort to develop other materials to replace it
that can meet the requirements of the bipolar plate.

Graphite composite materials are more suitable for bipolar plates than graphite that
can improve fabrication technologies of bipolar plates and reduce the cost. The
commercially available polymers and conductive carbon compounds comprise the
composite materials. However, the graphite composite materials exhibit low electrical

conductivity [37].

1.3.4 Metallic bipolar plate

Metallic bipolar plates are alternative to graphite and attracting more attention of
fuel cell researchers in recent years due to good electrical conductivity, low cost, high
formability, superior mechanical properties, high manufacturability and low gas
permeation rates [38,39]. Metals also have advantages over graphite bipolar plates

such as high modulus, strength, toughness and unique mechanical properties that can
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be made thinner to reduce volume and weight of PEFC. Different types of metals and
alloys have been considered as bipolar plates. Aluminium, titanium and stainless
steels have high gas impermeability, excellent mechanical properties and suitable for
industrial production. In the low PH values polymer electrolyte fuel cell environment,
the metals are very stable.

However, metals are more susceptible to corrosion that can occur at the anode as it
does at the cathode of an acid PEFC environment. At the anode, the oxide protective
metal layer can be reduced in the reducing environment, leading to hydride formation
and dissolution of the metal in product water. At the cathode, the metal oxide layers
can grow because of the air and positive potentials. The growth of the oxide layers
lead to the increase of electrical resistance. Therefore, the activity of an electrode
catalyst can be reduced. In addition, the polymer electrolyte membrane can be
contaminated by the metal dissolution.

In fact, most of the researchers have focused on the work of austenitic stainless
steel contains of nickel and chromium elements to replace graphite used as bipolar
plate for PEFC and SS 316 and SS 316L has been chosen frequently. Although the SS
316 stainless steel offers good mechanical properties, corrosion resistance and
relatively low cost, Lin et al. [40] found that the interfacial contact resistance (ICR) of
SS 316 is about 16 times higher than that of the Department of Energy target that
cannot meet the desirable fuel cell performance. Other austenitic stainless steels such
as SS 304 [41] and ferritic stainless steel such as AISI446 [42] have been also
investigated as the candidate bipolar plate materials.

16



In order to solve the corrosion problem and improve the performance of metallic
stainless steel bipolar plate, surface treatment techniques are required to increase the
corrosion property and decrease the interfacial contact resistance. The most widely
used surface treatment techniques for metallic bipolar plates are surface coating and

nitriding treatment.
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1.4 Surface treatment technique of metallic Bipolar plate

1.4.1 Surface coating
Because that the metallic bipolar plates can be corroded in the fuel cell
environment which cause an increase of interfacial contact resistance (ICR), surface
modification is necessary for metallic bipolar plates. Coating technique can be applied
on the stainless steels for protection to improve the properties of PEFC when
operating in an acidic environment [43].
The coating methods for the metallic bipolar plates include [44]:
(1) Physical vapor deposition (PVD) techniques;
(2) Sputtering and glow discharge decomposition;
(3) Chemical vapor deposition (CVD) technique;
(4) Liquid phase chemical techniques;
(5) Chemical anodization/oxidation overcoating;
(6) Painting
Many of these coating methods have been investigated. Silva et al. evaluated
interfacial contact resistance (ICR) and corrosion resistance of Ni-based alloys,
different types of stainless steels and nitride coated steels as metallic bipolar plates in
PEFC environment and reported that only nitride-coated SS 304 stainless steels show
low interfacial contact resistance (ICR) and good corrosion resistance [45]. The
metallic bipolar plate can also be coated with conducting polymer polypyrrole (PPY)

and polyaniline (PANI) to prevent bipolar plates from corrosion under PEFC fuel cell

18



conditions and keep contact resistance at acceptable value [46].

However, due to pinhole defects, conventional coating techniques for metallic
bipolar plates may increase the corrosion rate and have not been proven sufficiently.
The pinhole defects may result in metallic ion contamination of the membrane and
cause local corrosion. Recently, nitriding treatment is alternative to coating treatment
for metallic bipolar plates [47] and there is no pinhole defects problem for the

nitriding treatment.

1.4.2 Nitriding process

The metallic bipolar plates may suffer from corrosion and form passive layers on
their surface when contact with the acidic PEFC environment co-existing with oxygen
and product water at high temperature. The formed passive layer has high electrical
resistance and is electrically semiconductor that can degrade the power output of
PEFC stacks [48]. In order to enhance the performance of metallic bipolar plates in
the PEFC and obtain the defect-free, protective and conductive coatings, nitriding
treatment can be used.

Nitriding technique is a heat-treating process that diffuses nitrogen into the surface
of the base metal to form modified protective surface layers. The three main nitriding
methods are gas nitriding, plasma nitriding and salt bath nitriding, the former two
nitriding methods are commonly used for metallic bipolar plates in PEFC [49,50].
The gas nitriding is carried out in nitrogen rich gases atmosphere such as nitrogen gas
(N2) and ammonia (NH3) at different temperatures. Plasma nitriding known as plasma

19



ion nitriding, ion nitriding or glow-discharge nitriding is an industrial operation
surface treatment. The reactivity of the nitriding media in plasma nitriding is decided
by the gas ionized state not the temperature. The nitrided layers containing nitrides is
formed through chemical reaction at the metal surface, not a deposited coating. The
nitrides are corrosion resistant with low surface contact resistance.

Wang et al. [49] carried out thermal nitridation in pure nitrogen of a Ni-50Cr alloy
and found the formation of a protective, dense and continuous surface layer. The
results show that the interfacial contact conductivity and corrosion resistance of
nitrided Ni-50Cr alloy are significantly improved. Lin et al. [51] used active screen
plasma nitriding (ASPN) to modify the surface of austenitic 316 stainless steel used as
bipolar plates in PEFC. The results reveal that the interfacial contact resistance (ICR)
can be decreased and the corrosion resistance can be improved after ASPN treatment
because of the formation of nitrogen supersaturated S-phase layer.

During the high nitriding temperature, the N2 gas can react with the metal in the
stainless steel resulting in the formation of the metal nitrides such as Cr-N [49, 50].
The CrN thin films reveal semiconducting behavior of electrical resistivity that can be
strongly influenced by the parameters of preparation [52].

The nitriding treatment has been proved an effective way to improve the

performance of metallic bipolar plate in PEFC.
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1.5 Purpose of this thesis

As a strong contender for alternative power sources, the polymer electrolyte fuel
cell (PEFC) that converts the chemical energy of the reactant into electrical energy is
one of the most promising clean energy converters in the coming years. As we all
know, the bipolar plate is a key component of the PEFC. Two types of bipolar plates,
carbon-based (graphite) and metallic-based (stainless steel) are commercially
available. However, there are many disadvantages for graphite to be used, such as
brittleness, lack of mechanical strength, high permeability and high manufacture cost.
The metallic bipolar plates are alternative to the graphite bipolar plates due to
excellent mechanical properties, good electrical and thermal conductivity, low volume
and cheaper material cost. However, one big problem of the metallic bipolar plates is
the corrosion in the actual cell environment. Now the high cost of PEFC is a big
challenge before the PEFC application can be commercialized and the bipolar plates
account for about 21%. Because that nickel is very expensive, in this work, in order to
decrease the cost of PEFC and improve the corrosion resistance of metallic bipolar
plates, we investigate corrosion behavior of Ni-free inexpensive stainless steel used

for bipolar plates in PEFC with and without nitriding heat treatment.
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Chapter 2 Effect of Cr content on the corrosion
resistance of Ni-free stainless steels as bipolar plate of

PEFC

2.1 Introduction

The polymer electrolyte fuel cell (PEFC) that converts the chemical energy of the
reactants into electrical energy has received significant attention for use in fuel cell
vehicles and stationary applications [1]. However, the practical operating voltage
from a single cell cannot meet the requirement of application. Therefore, bipolar
plates are used to connect the cells in series. In recent years, due to high electrical
conductivity, manufacturability, gas impermeability and superior mechanical
properties, as an alternative material, metallic bipolar plates such as stainless steel
have been attracting the attention of the researchers used for bipolar pate in PEFC [2].

Stainless steels are increasingly used in construction and structural applications
because of the attractive appearance, corrosion resistance, good strength and fatigue
properties [3,4,5]. In recent years, as an inexpensive alloys, the ferritic stainless steels
attract more and more attention due to the absence of nickel [6,7]. The ferritic
stainless steels were adopted to use in the manufacture of engine mufflers, nuts, bolts
and heat resistant tools [8]. In some case, the need of good corrosion resistance and
wear resistance when used in aggressive environments has limited the application of
the ferritic stainless steel such as the bipolar plate in polymer electrolyte fuel cells

(PEFCs) [9].
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Ferritic stainless steel SUS445 was developed specifically for architectural
applications and has been used in Japan since 1993. The extra high content of the
corrosion-resisting element, chromium (22.1%) and added molybdenum give it some
big technical benefits over other stainless steels, such as SUS430 and SUS316
stainless steels [10]. However, the H2SO4 solution can corrode the SUS445 stainless
steel and deteriorate its working life.

In this study, the special Cr-rich stainless steel with higher Cr content (24 %)
compared to that of SUS445 stainless steel was prepared. The effect of Cr content on
the corrosion resistance of Ni-free stainless steels as bipolar plate of PEFC was
investigated. The corrosion behavior of 4 types Ni-free stainless steels with different
Cr contents was measured using linear sweep voltammetry (LSV). The surface
composition, phase structure, surface morphology and surface electrical conductivity
of the 4 types stainless steels were characterized by glow discharge optical emission
spectroscopy (GD-OES, Horiba GD-Profiler 2), X-ray diffraction (XRD), scanning

electron microscopy (SEM) and four-point probe resistivity measurements.
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2.2 Experimental

2.2.1 Material

The 4 types Ni-free stainless steels used in this study were SUS410, SUS430,
SUS445 and Cr-rich. The chemical compositions (mass %) of these four types
stainless steels are shown in Table 2-1. The Cr-rich stainless steel was specially
prepared for this experiment. The SUS445 stainless steel contains small amounts of
aluminum (Al), molybdenum (Mo), titanium (Ti) and niobium (Nb) elements
compared to other stainless steels. All the 4 types stainless steels are absence of nickel
element and contain different Cr contents. The dimensions of the four types stainless

steels used in this study are shown in Fig. 2-1.

Table 2-1. The composition of the SUS410, SUS430, SUS445 and Cr-rich stainless

steels (mass%).

Sample | Fe C Si Mn Cr Mo | Nb | Ti Al | Ni

SUS410? | Bal. | <0.15 | <0.50 | <1.0 | 11.5~13.0 | - - - - -

SUS430* | Bal. | <0.12 | <0.75 | <1.0 | 16.0~18.0 | — - - - -

SUS445° | Bal. | 0.01 | 0.18 | 0.20 22.10 1.20 | 0.23 | 0.19 | 0.09 | —

Cr-rich® | Bal. | 0.05 | 0.15 | 0.30 24.0 - - - 1015 —

2From The Nilaco Corporation Co., Ltd.
b From Nisshin Steel Co., Ltd.

¢ From Hitachi Metals, Ltd.
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40 mm
(a) SUS410 (Thickness: 3.9 mm) (b) SUS445 (Thickness: 0.1 mm)
SUS430 (Thickness: 1 mm) Cr-rich (Thickness: 0.1 mm)

Fig. 2-1. Dimensions of the four types stainless steels.

(a) SUS410 and SUS430; (b) SUS445 and Cr-rich.

2.2.2 Surface composition

In order to investigate the depth profiles of the elements on the surface of the 4
types stainless steels, glow discharge optical emission spectroscopy (GDS) was
carried out using a Horiba GD-Profiler 2 instrument (Fig. 2-2). GDS is a
spectroscopic method to measure depth profiles of constituent elements in solid
materials by detecting emissions from atoms accommodated in plasma by sputtering
[11]. All materials include metals, glass, semiconductors, polymers and ceramics can
be analyzed at the nanoscale with a good sensitivity and with a depth compositional
selectivity [12]. GDOED is often used due to the advantages of simple sample
preparation, high sensitivity, short measuring time and so on [13]. The measured

elements included Fe, C, N, Cr, Al, etc. In this study, the Cr contents of the four types
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stainless steel is the main data need to be analyzed.

Fig. 2-2. Horiba GD-Profiler 2 instrument

Measurement parameters:

Anode diameter: 4 mm

Pre-sputtering time: 10 s

Gas exchange time: 30 s

Background measurement time: 10 s

Depth profile measurement time: 30 s (2.7 um)

Measurement interval: 0.1 s / point

33



2.2.3 X-ray diffraction

The X-ray diffraction (XRD) experiments were performed by an XRD-6100 made
by SHIMADZU (Fig. 2-3). XRD is a basic and useful tool for the crystal structure
analysis of various solids [14]. The measurements were carried out in reflection
geometry using Cu Ka radiation (A = 1.5406 A) generated at 40 kV and 30 mA; 20

was scanned from 20° to 110° at the scan rate of 2° min!.

7 Lab A

Fig. 2-3. X-ray diffraction machine (XRD-6100)

2.2.4 Electrochemical measurement

The electrochemical measurements were conducted using the Electrochemical
Analyzer Model 802B (ALS/[H] CH Instruments) at room temperature. In order to
analyze the corrosion characteristics of the SUS410, SUS430, SUS445 and Cr-rich
stainless steel, a corrosion test was conducted using an electrochemical
three-electrode cell (Fig. 2-4) with a platinum coil counter electrode, an Ag/Ag>SO4
reference electrode, and the stainless steel specimen as the working electrode. All the
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potentials in this study were converted to the SHE after the measurements. The
electrolyte was a 0.5 mol dm™ H2SOs solution. Before the linear sweep voltammetry
(LSV) measurement, the stainless steels were washed with acetone and distilled water
for 5 min during sonication, then a 30-min Ar gas bubbling was conducted.
Subsequently, the cathodic treatment was carried out at the potential of -0.47 V vs.
SHE for 1 min and then kept in the cell under the rest potential for 5 min. During this
step, the invisible H2 gas generated on the surface of the sample was removed by Ar
bubbling. For the electrochemical measurement, the potential was scanned from the
rest potential to 1.1 V vs. SHE at the scan rate of 0.33 mV s~! [15]. The samples after
the electrochemical measurement were carefully removed from the cell and cleaned
with ethanol. The corrosion resistance of all the samples was evaluated based on the

Japanese Industrial Standards (JIS) G0579: 2007 measurement method [16].

Ar gas

Reference electrode

Counter electrode Working electrode

Fig. 2-4. Electrochemical three-electrode cell.
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2.2.5 Surface morphology

The scanning electron microscopy (SEM) technique (JSM-6060A, JEOL Ltd.) was
used to observe the surface morphology of the stainless steels before and after the
LSV measurements stopped at the peak of the polarization curves. The scanning
electron microscopy instrument used was shown in Fig. 2-5. Microphotographs of

2000x magnification were obtained at 15 kV.

Fig. 2-5. Scanning electron microscopy instrument (JSM-6060A, JEOL Ltd.).
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2.2.6 Electrical conductivity
The electrical conductivity of the bipolar plate is very important, so the electric
conductivity of the four types stainless steel was measured with a Mitsubishi
Chemical Loresta HP (MCP-T410) electrometer (Fig. 2-6) by using a four-point
probe resistivity technique. As a standard measurement, the four-point probe
characterization is used to measure the electrical properties of solid and thin films
[17].
The surface resistivity Rsis calculated by the equations below:
Rs =F*R (2-1)
F: resistivity correction factor
R: resistance (Q [J!, [J:square)
The measurement parameter of the four-point probe resistivity:
Type of probe: SQUARE
Measured sample shape: RECTANG
Measured sample size: Length (SIZE-X) 40 mm
Width (SIZE-Y) 40 mm for SUS410 and SUS430;
Width (SIZE-Y) 30 mm for SUS445 and Cr-rich
Measured sample thickness: 1 mm for SUS430; 3.9 for SUS410;
0.1 mm for SUS445; 0.1 mm for Cr-rich

Probe distance (POLE-DSTANCE): 1.5 mm
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Fig. 2-6. Mitsubishi Chemical Loresta HP (MCP-T410) electrometer.

The resistivity of each stainless steel mentioned in this study is the average data of

five measured places that are shown in Fig. 2-7.

Fig. 2-7. Five measured places of each stainless steel.
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2.3 Results and discussion

2.3.1 GDS depth profiles

Figure 2-8 shows the GDS depth profiles of the SUS410, SUS430, SUS445 and
Cr-rich stainless steels. The main compositions of these four types stainless steels are
Fe and Cr; small amount of C element can be detected. The GDS depth profiles of the
SUS410, SUS430, SUS445 and Cr-rich stainless steels show different Cr contents.
The depth profiles of Cr element of the SUS410, SUS430, SUS445 and Cr-rich
stainless steels are shown in Fig. 2-9. The GDS results show that the Cr contents are
increased in the order of SUS410, SUS430, SUS445 and Cr-rich stainless steels. And
the Cr-rich stainless steel contains the highest content of the corrosion-resisting

element, Cr.
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Fig. 2-8. GDS depth profiles of the SUS410, SUS430, SUS445 and Cr-rich stainless

steels.

(a) SUS410; (b) SUS430; (c) SUS445; (d) Cr-rich stainless steel
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Fig. 2-9. Depth profiles of Cr element of the SUS410, SUS430, SUS445 and Cr-rich

stainless steels.

2.3.2 X-ray diffraction analysis

Figure 2-10 shows the XRD patterns of the SUS410, SUS430, SUS445, and Cr-rich
stainless steels. The XRD patterns of the all stainless steels show the same diffraction
peaks at 44.66°, 64.82°, 82.13° and 98.18°, relative to a-Fe. The XRD results show
that the 4 types Ni-free stainless steels are ferritic structure, which is body centred

cubic structure (BCC).
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Fig. 2-10. XRD patterns of the SUS410, SUS430, SUS445, and Cr-rich stainless

steels.

2.3.3 Corrosion behavior

The polarization curves of the SUS410, SUS430, SUS445 and Cr-rich stainless
steels in the Ar-saturated 0.5 mol dm-*> H2SOs4 electrolyte are shown in Fig. 2-11. For
the SUS410, SUS430 and SUS445 stainless steels, although the polarization
characteristics for these three specimens are almost similar in shape, the polarization
curve of the SUS445 stainless steel shows an evident passive region and the lowest
current densities in both the active and passive regions due to the high Cr content. The
SUS430 stainless steel shows the highest current densities due to the lowest Cr
contents.
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In the case of the Cr-rich stainless steel, the onset potential shifts toward the
positive direction and there is no active current peak compared to the SUS410,
SUS430 and SUS445 stainless steel. The current densities of the Cr-rich sample are
also decreased indicating a better corrosion resistance of the Cr-rich stainless steel. So

the stainless steel contains a higher Cr content, a better corrosion resistance is

observed [18].

0.1 SUS430

£100000 T (cr. 16.0~18.0%)

<:'::_ SUS410 (Cr: 11.5~13.0%)

Z 1000

>

2 10 B 6

3 sUsa4s

= 0.1 (Cr: 22.1%) Cr-rich (Cr: 24.0%)

5 :

S

O 0.001 - - -
-0.5 0 0.5 1

Potential / V vs. SHE
Fig. 2-11. Polarization curves of SUS410, SUS430, SUS445 and Cr-rich stainless

steels in Ar-saturated 0.5 mol dm ™ H2SO4 electrolyte.

2.3.4 Surface morphology

In order to investigate how the corrosion happened on the surface morphology of
the 4 types stainless steels, the SEM measurement was carried out to observe the
surface morphology of the 4 types stainless steels. Figure 2-12 shows the SEM
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images of the 4 types stainless steels before and after LSV measurements stopped at
the peak (Fig. 2-13) and the end of the polarization curves. Compared to before LSV
measurement (Fig. 2-12(A)), after LSV measurement of the SUS410 stainless steels
from rest potential to -0.02 V vs. SHE (Fig. 2-12(B)), we can see clearly that the grain
of the SUS410 stainless steel was corroded, so the corrosion was happened on the
surface of the SUS410 stainless steel during the active region. For the SUS430
stainless steel, compared to before LSV measurement (Fig. 2-12(D)), after LSV
measurement from rest potential to -0.13 V vs. SHE (Fig. 2-12(E)), the surface of the
SUS430 stainless steel was corroded during the active region and the grain boundaries
became visible due to the chemical attack of the acid solution. Comparing the SEM
images of SUS445 stainless steel before (Fig. 2-12(G)) and after LSV measurement
from the rest potential to -0.22 V vs. SHE (Fig. 2-12(H)), after LSV measurement, the
grain boundaries can be seen but not as clearly as that of the SUS430 stainless steel
(Fig. 2-12(E)). The surface of the SUS445 stainless steel was also corroded during the
active region. The corrosion damage of the SUS445 stainless steel was less than the
SUS430 stainless steel. At the end of LSV measurements (Fig. 2-12(C), (F), (1)), these
three stainless steels were corroded more seriously. As for the Cr-rich stainless steel
with a better corrosion resistance, there is no change on the surface morphology of
before LSV (Fig. 2-12(J)) and after LSV measurements (Fig. 2-12(K), (L)). So no
obvious corrosion occurred for the Cr-rich stainless steel. The possible reason is that
the Cr-rich stainless steel contains highest content of the corrosion-resisting element
Cr, the passive layer already existed on the surface of the Cr-rich stainless steel, and
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so the polarization curve of the Cr-rich stainless steel has no active region.

Fig. 2-12. SEM images of SUS410, SUS430, SUS445 and Cr-rich stainless steels
before and after LSV measurements.
SUS410 (A) no LSV (B) LSV stopped at -0.02 V vs. SHE (C) LSV stopped at 1.1 V vs. SHE;
SUS430 (D) no LSV (E) LSV stopped at -0.13 V vs. SHE (F) LSV stopped at 1.1 V vs. SHE;
SUS450 (G) no LSV (H) LSV stopped at -0.22 V vs. SHE (I) LSV stopped at 1.1 V vs. SHE;
Cr-rich (J) no LSV (K) LSV stopped at 0.26 V vs. SHE (L) LSV stopped at 1.1 V vs. SHE.
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Fig. 2-13. The LSV measurement stopped position of the SUS410, SUS430, SUS445

and Cr-rich stainless steels.

2.3.5 Electrical conductivity

The electrical conductivities of the SUS410, SUS430, SUS445 and Cr-rich
stainless steels were measured using a Mitsubishi Chemical “Loresta HP”
(MCP-T410) electrometer by the four-point probe resistivity technique and the results

are listed in Table 2-2. The volume resistivity of the four types of stainless steels

decreased one order of magnitude compared to that of the graphite carbon. The 0.1

mm thick Cr-rich stainless steel with high corrosion resistance showed the same

electrical conductivity as that of the 0.1 mm thick SUS445 stainless steel.
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Table 2-2. Electrical conductivity of 4 types stainless steels and graphite carbon

bipolar plate.
Sample name Thickness Surface Resistivity Volume Resistivity
(t/ mm) (Rs/ Qo™ (Rsxt: R /Q mm™)
SUS410 3.9 2.97E-04 1.16E-03
SUS430 1 2.32E-03 2.32E-03
SuUS445 0.1 3.17E-02 3.17E-03
Cr-rich 0.1 3.61E-02 3.61E-03
Graphite carbon
(Bipolar plate of 18 6.29E-04 1.13E-02

JARI standard cell)
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2.4 Conclusions

In this study, the corrosion behavior of the four types ferritic stainless steels with
different Cr contents have been experimentally investigated to study the effect of Cr
content on the corrosion resistance of the ferritic stainless steels as bipolar plate of
PEFC in sulfuric acid solution. The results showed that the ferritic stainless steel
contains a higher Cr content, a better corrosion resistance is observed. Through the
SEM images, no corrosion was happened for the Cr-rich stainless steel after LSV
measurement from the rest potential to 0.26 V vs. SHE due to the highest Cr content.
The conductivity of the Ni-free stainless steel did not decreased when increasing the

Cr content.
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Chapter 3 Influence of nitriding surface treatment on
corrosion characteristics of Ni-free SUS445 stainless
steel

3.1 Introduction

Nowadays, the potential use of polymer electrolyte fuel cells (PEFCs) for
residential applications and electric vehicles has been increasing the attention of
researchers [1]. The practical operating voltage from one single cell cannot meet the
requirements of such applications. Therefore, bipolar plates are used to connect the
cells in series [2]. Bipolar plates are the important multifunctional components in the
PEFC stacks with the significant functions of supplying reactant gases via flow
channels, providing electrical connections between the individual cells and removing
the produced water. In recent years, due to the high electrical conductivity, formability,
manufacturability, gas impermeability and superior mechanical properties, metallic
bipolar plates, such as stainless steel, have been widely studied by researchers [3,4,5].
However, there are still some issues not solved before the PEFC application can be
commercialized. For example, the high cost and corrosion of the bipolar plates in the
PEFC are significant problems that need to be studied in detail.

Generally, various stainless steels used as commercial bipolar plates are less
chemically stable than competing PEFC electrode materials and the insufficient
chemical stability of the bipolar plates will contaminate the electrolyte and degrade

the energy efficiency of the cell [6]. However, many researchers have tried to improve
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the corrosion resistance through diverse technologies, including the use of surface
coatings, plasma-nitriding and gas-nitriding treatments [7,8,9]. Many different kinds
of coatings, including carbon-based materials [10] and metal-based materials [11,12]
have been introduced. However, the inherent defects of coatings, such as pinholes that
can result in local corrosion and the high cost may hinder their application [13,14].
Nitriding treatment process is widely used over conventional gas to improve the
surface hardness, mechanical properties, as well as corrosion resistance of stainless
steels [15,16,17]. Yang Li [18] recently emphasized the nitrogen expanded austenite
layer produced during high temperature plasma nitriding in a short time, reporting that
high temperature plasma nitriding not only increased the surface hardness, but also
improved the corrosion resistance of the austenitic stainless steel and the nitrided
layer was shown to consist of expanded austenite yn and small amounts of free-CrN
and iron nitrides.

Without the expensive nickel element, the SUS445 stainless steel [19] can lower
the cost of the PEFCs. The purpose of this present study is to improve the corrosion
resistance of the Ni-free SUS445 stainless steel using a nitriding heat treatment
technology. The influence of the nitriding process on the microstructure, morphology,
surface element component and corrosion behavior in a 0.5 mol dm™ H2SO4 solution

of Ni-free SUS445 stainless steel was investigated.
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3.2 Experimental

3.2.1 Material and heat treatment

The sample used in this study was Ni-free SUS445 stainless steel made by Nisshin
Steel Co., Ltd., Japan. The chemical compositions (mass%) of the SUS445 and
SUS316 stainless steels are shown in Table 3-1. Compared to the SUS316 stainless
steel, there is no nickel component in the SUS445 stainless steel, while small amounts

of Al, Ti, and Nb elements are present.

Table 3-1. Chemical components of SUS445 and SUS316 stainless steels (mass%6).

Fe Al Ni Cr Mo Mn Si Ti Nb C
SUS445 Bal. 0.09 - 22.1 1.20 020 0.18 0.19 023 0.01
SUS316 Bal. - 10.0~14.0 16.0~18.0 2.0~3.0 <20 <10 - - <0.08

From Nisshin Steel Co., Ltd.

The surface heat treatments were carried out in a vacuum furnace. The SUS445
stainless steels were cut in small pieces and cleaned before nitriding. The nitriding
heat treatments were performed at 1473 K (SUS445-N1) and 1373 K (SUS445-N2)
under a nitrogen (purity: 99.995%) atmosphere. The SUS445-Ar stainless steel was
heat-treated SUS445 stainless steel under an argon (purity: 99.995%) atmosphere at
1423 K. Two different heat treatment atmospheres were used for studying the effect of

the nitriding heat treatments on the characteristics of the SUS445 stainless steel. The
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heat treatment conditions and schematic images of nitriding treatment procedure of

SUS445 stainless steel are shown in Table 3-2.

Table 3-2. Heat treatment conditions and schematic images of nitriding treatment

procedure of SUS44S5 stainless steel.

Sample name Heating temperature / K

Atmosphere
SUS445 - -
SUS445-N1 1473 N2 gas
SUS445-N2 1373 N_gas
SUS445-Ar 1423 Ar gas
SUS445-N1 (SUS445-N in chapter 4)
Nz
Room
© | Temperature
4
5
[~
80kPa
Time / min
SUS445-N2
A 200kPa
Room
O | Temperature
g
5
[
80kPa
Time / min
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3.2.2 Characterizations

For the structural characterization, X-ray diffraction (XRD) measurements were
performed using an XRD-6100 (Shimadzu) instrument in the 6-26 geometry with Cu
Ka radiation (A = 1.5406 A) generated at 40 kV and 30 mA; 20 was scanned from 10°
to 110° at the scan rate of 2° min’'. The surface compositions of the heat-treated
stainless steels were measured by glow discharge optical emission spectroscopy
(GD-OES, Horiba GD-Profiler 2). GD-OES is a rapid depth profiling technique that
we can obtain the profile of atomic percent vs. time [20]. The surface of the sample
was sputtered by argon ions and the argon pressure was 400 Pa. The analyzed spot
size was 4 mm in diameter. The mainly investigated elements on the surface of the
heat-treated samples were Fe, C, N, Cr, Al, etc.

The electrochemical technique used in this study was linear sweep voltammetry
(LSV). The electrochemical measurements were conducted using an ALS/[H] CH
Instruments Electrochemical Analyzer Model 802B with a three-electrode cell at
room temperature. A schematic image of the electrochemical three-electrode cell is
shown in Fig. 3-1. A platinum coil was used as the counter electrode, Ag/Ag>SO4
[21,22] was used as the reference electrode and the working electrode was the
heat-treated stainless steel specimen. All the potentials used in this study were
converted to the standard hydrogen electrode (SHE) after the LSV measurements. The
electrolyte was a 0.5 mol dm™ H2SOs solution. Before the LSV measurement, the
stainless steels were washed with acetone and distilled water for 5 min during
sonication, then a 30-min Ar gas bubbling was conducted. Subsequently, the cathodic
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treatment was carried out at the potential of -0.47 V vs. SHE for 1 min and maintained
in the cell under the rest potential for 5 min. During this step, the invisible H> gas
generated on the surface of the sample was removed by Ar bubbling. For the
electrochemical measurement, the scan potential was in the range of the rest potential
to 1.1 V vs. SHE and the scan rate was 0.33 mV s™! [23]. The surface morphologies
and cross sectional images of the samples were observed by scanning electron
microscopy (SEM, JSM-6060A, JEOL Ltd.). Energy-dispersive X-ray spectroscopy
(EDX) was performed using the SEM system to obtain the chemical composition of

the surface.

Reference electrode Counter electrode
Ag/AgZSQ4 Pt wire

Plastic holder
5L ]Glass cell\

Electrolyte _
0.5 M H,SO, — Sample— o
———>—Au flag——

Cushion———

Workinq electrode Plastic holder

Stainless steel sample

Fig. 3-1. The schematic image of electrochemical three-electrode cell.
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3.3 Results and discussion

3.3.1 X-ray diffraction analysis

Figure 3-2 shows the XRD patterns of the SUS445, SUS445-N1, SUS445-N2, and
SUS445-Ar stainless steels. In the case of the untreated SUS445 stainless steel and
SUS445-Ar stainless steel heat-treated under the argon atmosphere, the diffraction
spectra show a-Fe (body centered cubic: BCC) peaks. However, for the SUS445-N1
stainless steel heat-treated under the nitrogen atmosphere at 1473 K, the y-Fe (face
centered cubic: FCC) was transformed from a-Fe by a solid solution effect of the
nitrogen [24], and “expanded austenite” yn(111) and AIN phases formed. The yn(111)
phase appeared at lower angles than the y(111) peak, suggesting a higher lattice
parameter than the substrate austenite due to the dissolution of the nitrogen atoms
[25].With a lower nitriding temperature, the diffusion and solid solution of N became
slowly and part of the a-Fe was transformed into the y-Fe phase for the SUS445-N2
stainless steel heat-treated under the nitrogen atmosphere at 1373 K; both the a-Fe
and y-Fe phases existed. The XRD patterns of the SUS445-N2 stainless steel also
consist of yn(111) and AIN phases, and new phases of CrN and Cr2N were detected.
The amount and crystal size of formed Cr-N phase for the SUS445-N1 stainless steel
was so small that it is very difficult to be detected by XRD measurement. In this
study, because the SUS445 stainless steel includes the element Al, after the nitriding

heat treatment, the AIN phase was detected.
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3.3.2 GD-OES analysis

The depth profile measurement results for the SUS445, SUS445-N2 and
SUS445-Ar specimens using GD-OES are shown in Fig. 3-3. Based on the GD-OES
results, the peaks of the N and Al elements appeared on the surface of the heat-treated
SUS445-N2 and SUS445-Ar stainless steels. However, the Cr content on the surface
of the SUS445-Ar stainless steel was significantly reduced compared to that of the
SUS445 stainless steel and no Cr-N compounds were detected according to the XRD
results. Due to that the Ar atmosphere contained a small amount of N2, according to
the Cr-N phase diagram [26], at low pressure, even a small amount of N2 has the
tendency to form Cr-N and diffuse into the stainless steel, so the N content showed
peak for the SUS445-Ar stainless steel. For the nitrided stainless steels, the N content
of the SUS445-N1 stainless steel was 38.5%, which was not very different with that

of the SUS445-N2 stainless steel.
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Fig. 3-3. GD-OES results of SUS445, SUS445-N2 and SUS445-Ar stainless steels.
(a) SUS445; (b) SUS445-N2; (c) SUS445-Ar.
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3.3.3 Cross-sectional observation

Figure 3-4 shows the cross-sectional SEM images of the SUS445 and SUS445-N2
stainless steels along with the EDX results. The nitride layer of SUS445-N2 stainless
steel is at least 1 um according to the SEM image. At the surface of the SUS445-N2
stainless steel after a nitriding treatment at 1373 K, some dot and linear substances
precipitated. Based on an analysis of the chemical compositions of points 1, 2 and 3
on the surface of the SUS445-N2 stainless steel by an EDX measurement, the results
revealed that the substrate region 1 contained the Cr-N phase. For the dot
precipitation 2, the Al and O contents had increased significantly compared to the
substrate region, while other elements had decreased in content, suggesting that the
dot precipitation 2 was the Al-O phase. Compared to point 1, the Al and N contents in
the precipitation 3 had increased, while the other compositions decreased, indicating
that the linear precipitation 3 was the Al-N compound. The EDX results show that the
Cr-N, AI-O and AI-N compounds exist on the surface of the nitrided SUS445-N2
stainless steel.

At nitriding temperature 1373 K, the Al, N and O contents were rearranged on the
surface of the SUS445-N2 stainless steel, the Al element diffused from the inside of
the stainless steel to its surface. So the Al, N and O elements had high contents on the
surface of the SUS445-N2 stainless steel, and the Al-N and Al-O phases were easily
formed. The aluminum nitride and chromium nitride is semiconductor [27, 28] and

aluminum oxide is an electrical insulator [29].

62
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Al'l 0.3 |228(45.0
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Fig. 3-4. Cross-sectional SEM images and EDX results of SUS445 and SUS445-N2

stainless steels.

3.3.4 Corrosion behavior

The potentiodynamic polarization curves of the untreated and heat-treated samples
in the Ar-saturated 0.5 mol dm™ H2SO4 electrolyte at room temperature are shown in
Fig. 3-5. Although there is no nickel content in the SUS445 stainless steel, the current
densities in the passive region of the SUS445 stainless steel are almost the same as
those of the SUS316 stainless steel. For the untreated and heat-treated SUS445
stainless steels, the onset potentials nearly have no big difference. In the case of the
heat-treated SUS445-Ar stainless steel under an Ar atmosphere, the current densities
in the active and passive regions are the highest among all the samples, thus showing
a poor corrosion resistance. The polarization curves of the nitrided SUS445-N1 and
SUS445-N2 stainless steels exhibit lower current densities than the untreated SUS445

stainless steel in the both active and passive regions, especially for the SUS445-N2
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stainless steel. This means that the corrosion resistance of the SUS445 stainless steel
is improved after the nitriding heat treatment [30,31]. The benefits of the y~, Al-N and
Cr-N phases to the corrosion resistance have been found by many researchers
[32,33,34]. Due to the presence of the yn, AIN, CrN and Cr2N phases, the corrosion
resistance of the SUS445-N2 stainless steel is the best. After the LSV measurement,
the ratio of N to Cr of the SUS445-N2 stainless steel almost no changed compared

with that of the SUS445-N2 stainless steel before LSV measurement.
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Fig. 3-5. Polarization curves of untreated (SUS445 and SUS316) and heat-treated

stainless steels (SUS445-N1, SUS445-N2 and SUS445-Ar) in Ar-saturated 0.5 mol

dm H2SO4 electrolyte at room temperature.
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3.3.5 Surface morphology analysis

Figure 3-6 is SEM images of the SUS445, SUS445-N1, SUS445-N2 and
SUS445-Ar stainless steels measured at a magnification of 2000 x before and after the
LSV measurements. Based on the SEM images, after the LSV measurement, the
surface of the SUS445 stainless steel was corroded and the grain boundaries became
visible. Because the boundaries of the SUS445 stainless steels are more susceptible to
corrosion than their insides, an intergranular corrosion occurred in the SUS445
stainless steel. For the SUS445-Ar stainless steel, a more significant corrosion
occurred after the LSV measurement, where the grain boundary can be more clearly
seen and became separated due to chemical attack by the acid solution. The type of
corrosion of the SUS445-Ar stainless steel was also intergranular corrosion.
Comparing the SEM images of the SUS445-N1 stainless steel after the LSV to before
the LSV, there was no observed grain boundary while only the number of pitting holes
increased. This means that a slight pitting corrosion occurred for the SUS445-N1
stainless steel. The corrosion damage of the SUS445-N1 stainless steel was greatly
less than the untreated SUS445 and SUS445-Ar stainless steels. As for the
SUS445-N2 stainless steel, less pitting holes were found than the SUS445-N1
stainless steel after the LSV measurement resulting in the lower passive current
densities. Due to that the SUS445-N1 stainless steel has numbers of pitting holes after
the LSV measurement, the surface morphology of the SUS445-N1 and SUS445-Ar

stainless steels was compared.
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Fig. 3-6. SEM images of SUS445, SUS445-N1, SUS445-N2 and SUS445-Ar stainless
steels at magnification of 2000 x before and after LSV measurements.
SUS445 (a) before LSV (b) after LSV; SUS445-N1 (c¢) before LSV (d) after LSV;

SUS445-N2 (e) before LSV (f) after LSV; SUS445-Ar (g) before LSV (h) after LSV.
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Figure 3-7 shows SEM images of the SUS445-N1 and SUS445-Ar stainless steels
at the higher magnification of 5000 x after the LSV measurements. From the SEM
images, it can be seen that the grain morphology of the SUS445-Ar stainless steel was
totally different from that of the SUS445-N1 stainless steel and corroded more

significantly than the SUS445-N1 stainless steel.

Fig. 3-7. SEM images of SUS445-N1 and SUS445-Ar stainless steels at magnification
of 5000 x after LSV measurements.

(a) SUS445-N1; (b) SUS445-Ar,

Figure 3-8 shows surface schematic images of nitrided SUS445-N stainless steel
and SUS445-Ar stainless steel heat-treated under Ar atmosphere. After nitriding heat
treatment, the Al and N elements on the surface of the nitrided sample increased and
formed new phases (Cr-N, Al-N and yn) that are beneficial for the corrosion
resistance, so the polarization current densities in the active and passive regions of the
nitrided sample are lowest among all the samples. After LSV measurement, the

surface of the nitrided sample was corroded slightly and no grain was corroded.
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However, the corrosion resistance of the SUS445-Ar sample was decreased due to the
lack of Cr content on its surface, after LSV measurement, the surface of the

SUS445-Ar sample was corroded seriously and the grain was also corroded.
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Fig. 3-8. Surface schematic images of (a) nitrided SUS445-N stainless steel and (b)

SUS445-Ar stainless steel heat-treated under Ar atmosphere.
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3.3.6 Discussion

As an effective route to improve the corrosion resistance of the Ni-free SUS445
stainless steel in the H2SO4 solution, the nitriding treatment process was investigated
in this study. The strong affinity between nitrogen and Cr enabled the permeation of
nitrogen from the surface of the stainless steel into the interior. The structure and
composition in the surface layer of the nitrided stainless steel changed and the
corrosion resistance was increased because of the formation of new phases. However,
the relationship between the nitriding parameters and characteristics of the stainless
steel need to be further investigated. Future study for the nitrided SUS445 stainless
steel will focus on the modification of the nitriding parameters to achieve a better
corrosion resistance. Therefore, the nitrided SUS445 stainless steel can be applied in a

wide filed.
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3.4 Conclusions

In this study, Ni-free SUS445 stainless steels were heat treated under a nitrogen
atmosphere at 1473 K and 1373 K, and heat treatment was also performed under an
argon atmosphere at 1423 K for comparison. After the nitriding heat treatment, the
v-Fe phase was transformed from a-Fe. The AIN, yn(111), CrN and Cr2N phases also
formed on the surface of the nitrided SUS445-N1 stainless steel heat treated at 1373
K. However, only the AIN and yn(111) phases were detected in the SUS445-N2
stainless steel heat treated at 1473 K.

All the nitrided samples showed a better corrosion resistance in the Ar-saturated 0.5
mol dm™ H2SO4 solution compared to the untreated and heat-treated samples under an
argon atmosphere. The corrosion type of nitrided sample was pitting corrosion
different from the untreated and heat-treated samples under an argon atmosphere,

which was intergranular corrosion.
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Chapter 4 Corrosion-resistant characteristics of
nitrided Ni-free stainless steel for bipolar plate of
polymer electrolyte fuel cell

4.1 Introduction

As a strong contender, the polymer electrolyte fuel cell (PEFC) that converts the
chemical energy of the reactant into electrical energy is one of the most promising
clean energy converters in the coming years [1-5]. The polymer electrolyte fuel cell
has received significant attention for use in fuel cell vehicles and stationary
applications due to its high power density, low operating temperature and pressure,
quick startup, low noise emissions and high-energy conversion efficiency compared
to traditional power sources [6-12]. Some automobile companies have already
installed a PEFC in a fuel cell vehicle. The bipolar plate is a key component of the
PEFC with several essential functions, including connecting individual cells in the
stacks, providing pathways for the reactant gases, carrying current away from the cell
and providing structure support for the entire stack [13-15]. Two types of bipolar
plates, metallic- and carbon-based, are commercially available [16]. Carbon-based
bipolar plates, particularly graphite, are popular for the PEFC [17, 18]. However, the
disadvantages of poor mechanical properties and brittleness during fabrication lead to
the high cost of the graphite bipolar plate [19].

The metallic bipolar plates are thinner than the graphite bipolar plates resulting in a

light weight, low volume and decreased cost for the PEFC [20-22]. As an alternative
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material for bipolar plates, metallic bipolar plates usually have a corrosion problem
that can degrade the output power of the PEFC.

Conventional surface coating methods used to improve the corrosion resistance of
materials typically leave inherent defects, such as pinholes, that result in accelerated
local corrosion and limit their application [23]. Therefore, a nitriding process is
introduced as a widely employed thermochemical surface treatment to improve the
corrosion resistance, fatigue and wear resistance of the stainless steel and alloys [24].

In this study, in order to reduce the use of nickel and decrease the cost of the PEFC,
we report a study of the nitriding treatment of Ni-free SUS445 stainless steel [25]
without an expensive nickel content and with an extra high content of the
corrosion-resisting element, Cr (22.1%), at a high temperature (>1000°C). The aims
of this study are to prepare the anti-corrosion Ni-free SUS445 stainless steel by a
nitriding treatment used for one component of the PEFC, i.e., the bipolar plate, and
investigate its mechanism. The corrosion behavior and electrical resistivity of the
nitrided surface layer were evaluated based on the Japanese Industrial Standards [26]

and by the four-point probe method [27].
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4.2 Experimental procedure

4.2.1 Material and specimen preparation

The Ni-free SUS445 stainless steel made by Nisshin Steel Co., Ltd., Japan, was
used for the surface treatment. Compared to the SUS430 and SUS410 stainless steels,
the high content of Cr and added molybdenum give it some significant technical
benefits. The chemical components of the SUS445, SUS430 and SUS410 stainless

steels are shown in Table 4-1.

Table 4-1. Chemical components of SUS445, SUS430 and SUS410 stainless steels

(mass %0).
Fe Al  Ni Cr Mo Mn Si Ti Nb C
SUS445* Bal. 0.09 - 22.1 .20 0.20 0.18 0.19 0.23 0.01
SUS430° Bal. - - 16.0~18.0 - <1.0 <0.75 - - <0.12
SUS410° Bal. - - 11.5~13.0 - <1.0 <050 - - <0.15

aFrom Nisshin Steel Co., Ltd.

®From The Nilaco Corporation Co., Ltd.

Before the nitriding surface treatment, the 1.5-mm thick SUS445 stainless steel
plate was cut into pieces with the dimensions of 10 mm X% 15 mm and cleaned with
ethanol. The nitriding treatment was carried out in a vacuum furnace at 1200°C for 4h
under a nitrogen atmosphere (SUS445-N). A Cr-N coated SUS445 specimen was

prepared by an ion plating technique (Cr-N/SUS445) in order to study the influence of
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the Cr-N phase on the corrosion resistance of the SUS445 stainless steel. The
schematic image and equipment of ion plating technique is shown in Fig. 4-1.
SUS445 stainless steel was the substrate material, the target was Cr and the
atmosphere used was nitrogen gas. The flow rate of the N2 during the ion plating
experiment was 410 cm® min™' and the arc current was 200-250 A.

The surface treatment conditions of the SUS445 stainless steel are shown in Table

4-2.

4 @],SUM%

IPB-450, Nakatsuyama Heat Treatment Co., Ltd.
(a) Schematic image (b) Equipment

Fig. 4-1. Schematic image and equipment of ion plating technique.

Table 4-2. Surface treatment conditions of the SUS445 stainless steel.

Sample SUS445-N Cr-N/SUS445
Surface treatment Nitriding Ion plating
Gas N2 N2: 410 mL min!
Other parameter Temperature: 1200°C Arc current: 200-250 A
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4.2.2 Electrochemical test

The corrosion resistance of the untreated and treated stainless steel was evaluated
by a linear sweep voltammetry (LSV) measurement conducted by an ALS/[H] CH
Instruments Electrochemical Analyzer Model 802 B. The polarization curve was
measured based on the Japanese Industrial Standards [26]. A platinum coil was used
as the counter electrode, Ag/Ag>SOs was used as the reference electrode and the
working electrode was the stainless steel specimen. The electrolyte was a 0.5 mol
dm™ H2SO4 solution. All the potentials used in this study were converted to the
standard hydrogen electrode (SHE) after the LSV measurements. For the
electrochemical measurement, the scan potential was from the rest potential to 1.1 V
vs. SHE after the -0.47 V vs. SHE polarization for 1 min. The scan rate was 0.33 mV
st
4.2.3 Surface layer analysis
The scanning electron microscopy (SEM) technique (JSM-6060A, JEOL Ltd.) was
used to observe the microstructure and morphology of the untreated and nitrided
samples before and after the LSV measurements. The phases present in the surface
layer were identified by an X-ray diffraction analysis (XRD-6100, Shimadzu) with Cu
Ka radiation (A = 1.5406 A) generated at 40 kV and 30 mA in the 20 range from 10°
to 80°. The change in the element content from the surface to the interior of the
nitrided sample was analyzed by glow discharge optical emission spectroscopy
(GD-OES, Horiba GD-Profiler 2). In order to determine the surface chemical
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characterization after the nitriding treatment, an X-ray photoelectron spectroscopy
(XPS) measurement was performed using an X-ray source. The sample was sputtered

by argon ions to different depths.
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4.3 Results and discussion

4.3.1 Polarization curve

The polarization curves of the untreated (SUS445, SUS430 and SUS410) and
nitrided (SUS445-N) stainless steels in the Ar-saturated 0.5 mol dm™ H2SO4 solution
at room temperature are presented in Fig. 4-2. Among all the untreated stainless steels,
because the SUS445 stainless steel contains the highest content of the
corrosion-resisting element, Cr (22.1%), the polarization curve of the SUS445
stainless steel shows an evident passive region and the lowest current densities in
both the active and passive regions. For the untreated SUS410 and SUS430 stainless
steels, the trend in the polarization curve is similar to that of the SUS445 stainless
steel, but the current densities of the SUS410 stainless steel in the active and passive
regions are the highest due to the lowest Cr content (11.5~13.0%). Because the
stainless steel contains a higher Cr content, a better corrosion resistance is observed.
In this study, the nitriding treatment was conducted using the Ni-free SUS445
stainless steel with a good corrosion resistance.

In the case of the nitrided SUS445-N stainless steel, the onset potential shifts
toward the positive direction and there is no active current peak compared to the
untreated SUS445 stainless steel. Considering the passive behavior, the current
densities of the SUS445-N sample are more than one order of magnitude lower than
those of the SUS445 sample, indicating a better corrosion resistance than that of the

untreated SUS445 stainless steel. Compared to our previous work [25], the nitrided

82



Ni-free SUS445-N stainless steel prepared in this study was more anti-corrosive and
stable. The improved corrosion resistance of the SUS445-N stainless steel can be
attributed to the structure and composition change in the surface layer after the
nitriding treatment.

The electrochemical result of SUS445-N stainless steel in Fig. 4-2 is slightly
different from that of SUS445-N1 stainless steel in Fig. 3-5. The reason can be
attributed to the slight difference of nitriding pressures between two stainless steels. It
is can be known from the Cr-N phase diagram [28], the nitriding pressure can effect

the formation of Cr-N phase.
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Fig. 4-2. Polarization curves of untreated (SUS445, SUS430 and SUS410) and
nitrided (SUS445-N) stainless steels in Ar-saturated 0.5 mol dm > H2SO4 electrolyte

at room temperature.
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4.3.2 Surface morphology analysis

Figure 4-3 shows SEM images of the untreated SUS445 and nitrided SUS445-N
stainless steels before and after the LSV tests. The surface morphology in Fig. 2¢c was
changed compared to the untreated SUS445 stainless steel in Fig. 2a due to the
nitriding treatment. After the electrochemical test, the surface of the SUS445 stainless
steel was significantly etched, the effect being more visible along the grain boundaries
(Fig. 2b). As seen from Fig. 2d, only pitting corrosion occurred on the surface of the
nitrided SUS445-N stainless steel after the LSV test. The SEM results suggest that the
corrosion resistance of the SUS445-N stainless steel is improved and the corrosion
type is pitting corrosion, while the corrosion type of the SUS445 stainless steel is

intergranular corrosion.

Fig. 4-3. SEM images of untreated SUS445 and nitrided SUS445-N stainless steels
before and after LSV measurements.
SUS445 (a) before LSV (b) after LSV; SUS445-N (c¢) before LSV (d) after LSV.
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4.3.3 Surface composition and structure analysis

In order to analyze the surface layer composition of the untreated SUS445 and
nitrided SUS445-N stainless steels, the GD-OES profiles were obtained and the
results shown in Fig. 4-4. The bare specimen SUS445 has high concentrations of Fe
and Cr, while the concentrations of Al, O and N are too low to be detected. The
nitrided SUS445-N specimen exhibits a higher concentration of more than 55 at% N
after the nitriding treatment, showing that the nitride layer is basically composed of a

Cr-N compound.
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Fig. 4-4. GD-OES results of untreated SUS445 and nitrided SUS445-N stainless
steels.

(a) SUS445; (b) SUS445-N.
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To more definitively investigate the structure of the outmost regions of the nitride
layer, the XRD patterns of the untreated SUS445 and nitrided SUS445-N stainless
steels are shown in Fig. 4-5. As for the SUS445, only a-Fe peaks are observed.
Compared to the structure of the SUS445 stainless steel, the a-Fe peaks disappeared,
while the y-Fe peaks occurred in the nitride layer of the SUS445-N stainless steel due
to the solid solution effect of the nitrogen atoms. In addition to the diffraction peaks
of y-Fe, between 40~80 degree, five additional peaks were detected suggesting that a
supersaturated nitrogen phase yn [29] and nitrides CrN and Cr2N were formed after
the nitriding treatment. It can be concluded that the nitride layer of the SUS445-N
stainless steel consists of yn, CrN and Cr2N phases. At lower angles in Fig. 4, there
are other marked peaks that cannot be identified by the comparison with the Standard

X-ray Diffraction Powder Patterns.
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Fig. 4-5. XRD patterns of untreated SUS445 and nitrided SUS445-N stainless steels.

The XPS measurements conducted in this study were used to investigate the
chemical states of the N and Cr elements. Fig. 4-6(a) shows the surface XPS N 1s
spectra acquired from the nitrided SUS445-N stainless steel taken at different depths.
Based on the binding energy value, the peaks at about 397 eV are regarded as nitrides
suggesting that the CrN or Cr2N could be formed [30]. Moreover, the peak at the
depth of 75 nm has the strongest intensity. Fig. 4-6(b) shows the XPS Cr 2p profiles
of the nitrided SUS445-N stainless steel at the depth of 75 nm. The Cr 2p peaks have
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been systematically decomposed into three components as shown in Table 4-3; i.e., a
peak at the 574.1 eV corresponding to the metallic Cr, a peak at the 575.6 eV
associated with the CrN [31] and a peak at 577.2 eV reflecting the Cr-O bond [32].

The XPS analysis supports the existence of the CrN phase in the nitride layer.
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(b) Cr 2p XPS spectra at the depth of 75 nm
Fig. 4-6. XPS spectra of nitrided SUS445-N stainless steel.
(a) N 1s XPS spectra at different depths; (b) Cr 2p XPS spectra at the depth of 75 nm.
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Table 4-3. Species in the nitrided SUS445-N stainless steel at the depth of 75 nm.

Species Chemical bounding  Binding Energy (ev)
Metallic Cr-Cr 574,131
Defined CrN Cr-N 575.61311
Defined CrO3 or Cr203 Cr-O 577.2132

The formation of chromium-containing nitrides has been reported in the literature
[33, 34]. Brady et al. [33] demonstrated that a dense, continuous and protective
CrN/Cr2N nitride layer was formed on the surface of the Ni-50Cr alloy by thermal gas
nitridation, and the corrosion resistance and surface electrical conductivity of the
nitrided Ni-50Cr alloy were significantly improved. However, the Ni-base alloys are
too far expensive to be used as bipolar plates of PEFCs. Yang et al. [34] reported that
it is possible to form a Cr-nitride (CrN and Cr2N) surface layer by the
high-temperature nitridation on V-modified Fe-27Cr base alloys. The Cr-nitride
surface layer formed on the model V-modified Fe-27Cr alloys exhibited an excellent
corrosion resistance. The XRD and XPS results of this study show that the nitride
surface layer composed of the CrN and Cr2N phases can be formed on the surface of

conventional Ni-free SUS445 stainless steels without modification.

89



4.3.4 Ton plating technology

To confirm the effect of the formed Cr-N phase on the corrosion resistance of the
SUS445-N stainless steel, the Cr-N coated SUS445 specimen (Cr-N/SUS445) was
prepared by an ion plating technique. The XRD results of the Cr-N/SUS445 stainless
steel in Fig. 4-7 prove the formation of the CrN films. The polarization curve of the
Cr-N/SUS445 stainless steel was obtained and shown in Fig. 4-8. Also, shown for
comparison are data for the untreated SUS445 and nitrided SUS445-N stainless steels.
The Cr-N/SUS445 stainless steel was observed to have no active current peak and
significantly lower current densities compared to those of the SUS445 stainless steel.
The current densities in the passive region of the Cr-N/SUS445 and SUS445-N
stainless steels have the same magnitude, but a little higher for the Cr-N/SUS445
stainless steel. Based on the polarization behavior, the CrN and Cr2N phases formed
on the surface of the SUS445-N stainless steel offer an excellent corrosion resistance
and the CrN phase is proved very stable according to the LSV measurement prepared
by ion plating technique. The supersaturated nitrogen phase yn detected by XRD also
contributes to the increased corrosion resistance for the SUS445-N stainless steel,
resulting in slightly lower current densities than those of the Cr-N/SUS445 stainless
steel in the passive region. The effect of the CrN and Cr2N phases on the improved
corrosion resistance of the nitrided SUS445-N stainless steel will be further studied in

our future work.
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4.3.5 Electrical conductivity

The electrical conductivities of the untreated (SUS445, SUS410 and SUS430),
nitrided (SUS445-N), Cr-N coated (Cr-N/SUS445) stainless steels and graphite
carbon bipolar plate were measured using a Mitsubishi Chemical “Loresta HP”
(MCP-T410) electrometer by the four-point probe resistivity technique and the results
are listed in Table 4-4. For the SUS445 stainless steel, the resistivity with a 1.5-mm
thickness decreases one order of magnitude compared to that with the 0.1-mm
thickness suggesting that the thicker the stainless steel, the better the conductivity.
The conductivities of the SUS410 stainless steel with a 3.9-mm thickness and graphite
carbon bipolar plate with an 18-mm thickness are the best. After the nitriding
treatment, the 1.5-mm thick SUS445-N stainless steel showed the same electrical
conductivity as that of the untreated 1.5-mm thick SUS445 stainless steel. These
results demonstrated that the nitriding treatment improved the corrosion resistance of

the Ni-free SUS445 stainless steel without degrading its conductivity.
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Table 4-4. Electrical conductivity of each stainless steel and graphite carbon bipolar

plate.

Sample name Thickness / mm Treatment Surface resistivity / Q o™!
SuUS445 0.1 - 3.17E-02
SUS 445 1.5 - 1.80E-03
SUS 410 3.9 - 2.97E-04
SUS430 1 - 2.32E-03
SUS445-N 1.5 Nitriding 1.63E-03
Cr-N/SUS445 1.5 Ion plating 1.96E-03

Graphite carbon

18 - 6.29E-04

(JARI Cell)

4.3.6 Fuel cell durability performance

The Fuel Cell Commercialization Conference of Japan (FCCJ) proposed several
methodogies for testing the target performance, durability and cost of fuel cells [35].
We have applied the protocols of the FCCJ to investigate the degradation phenomena
and provide an indication of the durability of a JARI standard single cell [36] using
the SUS445-N stainless steel as the bipolar plate. Fig. 4-9 shows the fuel cell voltage
performance over a period of 2500 h using the SUS445-N and graphite carbon as
bipolar plates at 80°C. The current density was 0.25 A cm™. Based on the test results,
the fuel cell voltage performance using the SUS445-N stainless steel as the bipolar
plate is almost the same as that using the graphite carbon as the bipolar plate for the
2500 h, and the durability is even slightly better. The results reflect the good corrosion

behavior and conductivity of the nitrided SUS445-N stainless steel as the bipolar plate
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under conditions similar to the PEFC’s operating conditions.
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Fig. 4-9. Fuel cell voltage performance over a period of 2500 h using SUS445-N

stainless steel and graphite carbon as bipolar plates at 80°C.



4.4 Conclusions

The nitriding treatment of the Ni-free SUS445 stainless steel, which contains a
higher content of Cr (22.1%) was conducted at 1200°C in this study. The nitride layer
composed of the yn, CrN and Cr2N phases with a good electrical conductivity was
formed on the surface of the nitrided SUS445-N stainless steel. The corrosion
behaviors of the untreated (SUS445, SUS430 and SUS410) and nitrided (SUS445-N)
stainless steels were evaluated in a 0.5 mol dm™ H2SOs solution by the linear sweep
voltammetry (LSV) method. The polarization studies indicated that the corrosion
resistance of the untreated Ni-free stainless steels is better when containing a higher
Cr content. The nitrided SUS445-N stainless steel exhibited a significantly improved
corrosion resistance and the corrosion type changed from intergranular corrosion to
pitting corrosion.

The electrochemical test of the Cr-N coated SUS445 specimen (Cr-N/SUS445)
evaluated the effect of the chromium-containing nitrides formed after the nitriding
treatment on the corrosion resistance of the SUS445 stainless steel. The CrN and
Cr2N phases are considered the main reason for the excellent corrosion resistance of
the nitrided SUS445-N stainless steel. Our future work will focus on the effect of the
CrN and Cr2N phases on the improved corrosion resistance of the nitrided SUS445-N
stainless steel.

The fuel cell durability test was estimated based on the protocols proposed by the

Fuel Cell Commercialization Conference of Japan (FCCJ) at 80°C. The fuel cell
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voltage performance using the SUS445-N stainless steel as the bipolar plate is almost
the same as that using the graphite carbon as the bipolar plate over a period of 2500 h,

even slightly better.
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Chapter S General conclusions

Nowadays, the potential use of polymer electrolyte fuel cell (PEFC) for residential
applications and electric vehicles has been increasingly attracting the attention of
researchers. Due to excellent mechanical properties, low volume and good electrical
conductivity, stainless steels as alternative materials have been used for bipolar pate in
PEFC. However, stainless steels may suffer from corrosion that can degrade the
output power of PEFC when contact with the acidic PEFC environment. Now the
high cost of PEFC is a big challenge before PEFC application can be commercialized
and the bipolar plates account for 21%. In this work, in order to solve the corrosion
problem of stainless steel bipolar plate and decrease the cost of PEFC, we investigate
the corrosion behavior of Ni-free inexpensive stainless steel used for bipolar plate in

PEFC with and without nitriding heat treatment.

Chapter 2 Effect of Cr Content on the Corrosion Resistance of Ni-free Stainless

Steels as Bipolar Plate of PEFC

In chapter 2, the corrosion behavior of the four types ferritic stainless steels with
different Cr contents have been experimentally investigated to study the effect of Cr
content on the corrosion resistance of the ferritic stainless steels as bipolar plate of
PEFC in sulfuric acid solution. The results showed that the ferritic stainless steel

contains a higher Cr content, a better corrosion resistance is observed.
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Chapter 3 Influence of nitriding surface treatment on corrosion characteristics

of Ni-free SUS445 stainless steel

In chapter 3, Ni-free SUS445 stainless steels were heat treated under a nitrogen
atmosphere at 1473 K and 1373 K, and heat treatment was also performed under an
argon atmosphere at 1423 K for comparison. The influence of the nitriding process on
the microstructure, morphology, surface element component and corrosion behavior
of Ni-free SUS445 stainless steel was investigated. All the nitrided samples showed a
better corrosion resistance in the Ar-saturated 0.5 mol dm H2SOs4 solution compared

to the untreated and heat-treated samples under an argon atmosphere.

Chapter 4 Corrosion-resistant characteristics of nitrided Ni-free stainless steel

for bipolar plate of polymer electrolyte fuel cell

In chapter 4, the nitriding treatment of the Ni-free SUS445 stainless steel, which
contains a higher content of Cr (22.1%) was conducted at 1200°C. The nitrided
SUS445-N stainless steel exhibited a significantly improved corrosion resistance and
the corrosion type changed from intergranular corrosion to pitting corrosion. The
nitride layer composed of the yn, CrN and Cr2N phases with a good electrical
conductivity was formed on the surface of the nitrided SUS445-N stainless steel. The
CrN and Cr2N phases are considered the main reason for the excellent corrosion

resistance of the nitrided SUS445-N stainless steel.
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