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Abstract 

 

Owing to the high power density, low operating temperature and rapid 

start-up, the use of the polymer electrolyte membrane fuel cell (PEMFC) 

is considered advantageous in the fuel cell market, especially as portable 

cells and in the vehicle market. One of the most challenging issues 

confronting the commercialization of PEMFCs is related to the bipolar 

plate used in these cells. This is the most important component of 

PEMFC in terms of both weight and price. Stainless steel (AISI 316L) 

bipolar plates are expected to replace the currently used graphite bipolar 

plate, as the latter demands too high a manufacturing cost for practical 

commercialization despite its superior electrical and electrochemical 

properties. However, a stainless steel bipolar plate requires an extra 

surface treatment to satisfy the required interface contact resistance 

(ICR) (< 10 mΩcm2 at 150 Ncm-2) and corrosion resistance (< 1ⅹ10-6 

Acm–2 at 0.6 V) specifications for use as a bipolar plate in a PEMFC. In 

this study, attempts were made to achieve the required properties by 

nitriding and carburizing treatment of stainless steel without traditional 

deposition processes.  
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AISI 316L stainless steel was nitrided by inductively coupled plasma 

(ICP) and the manner in which the high-density plasma affected the ICR 

and corrosion resistance values of the nitrided samples was investigated. 

In case of the ICP nitriding, the behavior of nitrogen in the substrate was 

explained by the Fick’s law of the concentration dependent diffusivity. 

The effects of surface phase and surface composition were closely 

related to ICR. ICR values were observed to decrease when sufficient 

amount of S-phase was formed and the surface oxide formation was 

suppressed by nitrogen bonding. The ICR values of nitrided samples 

decreased from 130 mΩcm2 (AISI 316L) to about 10mΩcm2. The sample 

nitrided at 320 ℃ showed the best corrosion property, while the 

corrosion resistance of the sample nitrided at higher temperatures 

decreased due to the formation of Cr-depleted regions in the nitrided 

sample. With high density plasma, the process temperature could be 

reduced to the point that the level of Cr depletion was not significant 

during the formation of the dense S-phase. 

AISI 316L stainless steel were carburized by ICP using CH4 and Ar gas. 

The γc phase(S-phase) is formed on the surface of stainless steel at 

low temperature compared to nitriding. As the temperature increases, 

the faster rate of diffusion of carbon, so thickness of γc phase is linearly 
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to the temperature. However, atomic diffusion as well as other reaction 

occurs at high temperature (> 500℃). The ICR and corrosion resistance 

are measured in a simulated PEMFC environment. The ICR value of the 

carburized samples decreased to about 20mΩcm2 due to reduction of 

surface oxygen composition. The sample carburized at 200℃ showed the 

best corrosion current density (6 µAcm-2). The corrosion potential of 

carburized samples increased from -0.3 V(vs SCE) to 0.1 V(vs SCE), 

because the carbon particles formed on the sample are nobler than 

stainless steel. 

 

 Keywords : polymer electrolyte membrane fuel cell(PEMFC), 

Inductively coupled plasma(ICP), bipolar plate, Interfacial contact 

resistance(ICR), plasma nitriding, plasma carburizing, stainless steel 
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I. Introduction 

A fuel cell is an electrochemical device that converts the chemical 

energy of a reaction directly into electrical energy. Conventional 

combustion engines also transform chemical energy into electrical 

energy; however, during the burning of fuels, the combustion engine also 

releases energy as heat. Consequently, a fuel cell is more efficient than a 

combustion engine. The fuel cell also has various benefits not found in 

conventional power sources. Fuel cells operate silently and are long-

lasting systems, because they have no moving parts [1]. Since fuel cells 

use hydrogen gas as an energy source, they do not need conventional 

fuels such as oil or gas and therefore do not emit undesirable byproducts 

that have adverse effects on the environment.  

The increasing need for clean energy to reduce environmental pollution 

is drawing attention to the fuel cell as an environmentally friendly device. 

Fig. 1-1 shows that application of fuel cells has increased significantly. 

The past five years have seen a rapid growth in the fuel cell market.  

Fuel cell types are classified1 according to their electrolytes. The 

polymer electrolyte membrane fuel cell (PEMFC), by virtue of its high 

power density, low operating temperature, and rapid start-up, has 
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achieved a key placement in the fuel cell market, especially in the 

portable electronics and vehicle markets. Fig. 1-2 shows that PEMFCs 

now represent a large share of fuel cell use.  

Commercialization of the PEMFC will require reduction in the cost of 

stack production. The PEMFC stack cost for each part indicates that the 

bipolar plate accounts for about 60% of the entire stack price, while the 

carbon material used as a gas diffusion layer accounts for 12%, the 

electrolyte 10%, and the catalyst 8% of the total price. Therefore, a 

reduction in the price of the bipolar plate is essential for lowering the 

PEMFC stack price.  

Currently, machined graphite is used as the main material for bipolar 

plates because of its high conductivity and chemical stability. However, 

graphite is brittle and easily broken, so reduction in the thickness of the 

bipolar plate is limited. As a result, sufficient volumetric power density 

cannot be generated. In addition, the formation of flow channels requires 

a long processing time. Therefore, many studies are underway to 

develop a bipolar plate material to replace graphite.  

A bipolar plate material must have certain required properties (Fig. 1-

3) including high electrical conductivity, high corrosion resistance, low 
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gas permeability, high mechanical strength, and low manufacturing cost. 

Extensive research has been conducted recently to commercialize 

stainless steel bipolar plates in PEMFC, because these have good 

mechanical properties, efficient thermal conductivity, low gas 

permeability, and economical manufacturing costs. However, since AISI 

316L alone does not meet the required electrical and electrochemical 

properties for a bipolar plate in PEMFCs, attempts have been made to 

enhance its properties through the use of protective layers or nitriding 

and carburizing processes. Protective layers have been coated onto the 

surface of the steel by physical vapor deposition (PVD) [2-8] and 

chemical vapor deposition (CVD) [9-11] in order to enhance the 

conductivity and corrosion resistance of the materials. In addition, 

nitriding [12-15] and carburizing [16] techniques have been 

investigated for the application of stainless steel as the bipolar plate of 

PEMFC. The interfacial contact resistance (ICR) of plasma nitrided 

stainless steel met the required value for PEMFC applications (10 mΩ

cm2 at 150Ncm-2); however, the corrosion resistance was unsatisfactory. 

On the other hand, stainless steel samples treated with a low 

temperature carburizing process showed improved corrosion resistance, 

but the ICR value (75 mΩcm2) was still too high to be suitable for 
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PEMFC applications. 

In this study, AISI 316L was nitrided by applying inductively coupled 

plasma (ICP), and the structure and properties of the nitrided AISI 316L 

were investigated for PEMFC bipolar plate. An ICP carburizing process 

was used to treat the surface of AISI 316L stainless steel to satisfy the 

requirements for PEMFC bipolar plate application. 
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Figure 1-1. Market for fuel cells by application 
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Figure 1-2. Power production by fuel cell type 
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Figure 1-3. Functions and requirements of bipolar plate material 
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II. Research background 

1. PEMFC & PEMFC bipolar plates 

Fuel cell types are generally classified according to their electrolytes, 

which lead to distinctions in reaction chemistry, operating temperature, 

cell materials, and cell design [1]. A comparison of the five major fuel 

cell types is shown in table 1. The PEMFC appears suited for portable 

power and transportation applications due to its high energy density, high 

power density, and low operating temperature. The electrolyte used in a 

PEMFC is a proton-conducting polymer (fluorinated sulfonic acid 

polymer). A schematic diagram of the H2–O2 PEMFC is provided in Fig. 

2-1. The reaction of hydrogen and oxygen gases yields water as a 

product. The potential energy of the water bonding configuration is lower 

than the reactants, so energy is released. The reaction of the hydrogen 

fuel cell is split into two electrochemical half reactions: 

The anode reaction:   

2 2 2H H e  
          (2.1) 
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The cathode reaction: 

2

2

1
2 2

2
O H e H O   

    (2.2) 

At the anode side, electrons are generated when the hydrogen fuel is 

separated into protons and electrons. The electrons move through an 

external circuit while the protons pass through the membrane to the 

cathode side. At the cathode side, water is produced by a reaction 

between protons, electrons, and oxygen. Thermodynamics provides the 

theoretical voltage of this fuel cell performance, with a potential energy 

that can be calculated from the Gibbs free energy. The Gibbs free energy 

is defined as follows: 

G = H – TS     (2.3) 

Differential expression of eq. (2.3)  

dG = dH – TdS – SdT  (2.4) 

In constant temperature : 

Δg = Δh – TΔs     (2.5) 

 By this equation, Δg values are calculated for isothermal reaction. The 
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work potential of fuel cell (Δg) is converted into electrical energy as 

follows : 

dG = d(U+pV) – TdS – SdT 

    = dU – TdS – SdT + pdV + Vdp     (2.6) 

  From first law of thermodynamics, U as expressed by the equation: 

dU = dQ-dW = d(TS) – dW   (2.7) 

The work term dU divided into mechanical work and electrical work : 

dU= SdT + TdS – (pdV + dWelec) (2.8) 

 From eq. (2.6) and (2.8) at constant T, P 

dG = – dWelec   (2.9) 

 For a reaction using molar quantities, 

Welec = -Δgrxn   (2.10) 

This is reasonable assumption because temperature and pressure is 

not changed through reaction in fuel cell. 

Also, The maximum electric work W is the product of charge q in 

Coulomb (C), and the potential E in Volt (= J / C) shown as follows, 
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Welec= EQ = EnF    (2.11) 

 where F is a Faraday number and n is number of electrons involved in 

reaction. 

 From eq.(2.10) and eq.(2.11) 

                               E =  −
Δgrxn

𝑛𝐹
    (2.12) 

The E is the reversible voltage for an electrochemical reaction of fuel 

cell. Thus, the magnitude of the reversible voltage is calculated from 

Gibbs free energy. The net reaction of the PEMFC can be represented as 

follows 

H2 + 
1

2
 O2  H2O  (2.13) 

The change of Gibbs free energy determines the energy released during 

chemical reaction. 

Δgrxn = (Δg) H2O- (Δg)H2- 
1

2
 (Δg)O2   (2.14) 

For this reaction, the standard-state free energy change Δgrxn is -

237 kJ/mole. Thus, the reversible voltage of PEMFC is as follow from eq. 

2.12 : 
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E =  −
Δgrxn

𝑛𝐹
 

=  −
−237000 𝐽

𝑀𝑜𝑙⁄

(2 𝑒−)/𝑚𝑜𝑙 ∗ (96400 𝐶
𝑚𝑜𝑙⁄ ) 

 

                     = 1.229 V 

The value of 1.229 V is the theoretical limit or ideal case for fuel cell 

performance obtained by applying thermodynamics. However, 

performance losses occur in real fuel cells, so the operating voltage is 

lower than the theoretical value. These losses are associated with the 

reaction, charge transport, and mass transport inside the fuel cell. The 

activation loss is associated with the electrochemical reaction and occurs 

due to reaction kinetics when hydrogen is split into electrons and protons, 

when protons pass through the electrolyte, and when the oxygen and 

electrons combine. The ohmic loss occurs due to the resistances of the 

electrodes, electrolytes, and interconnects, and is directly proportional to 

the current. The mass transport loss is associated with the concentration 

of both the reactants and products at the anode and cathode. All these 

losses contribute to generate reversible voltage. 

As shown in eq. (2.11), the operating voltage of the PEMFC single cell 
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is about 0.6 ~ 0.7 V. However, most applications require electricity 

generation of more than 0.6V; therefore, multiple fuel cells are 

interconnected in series. This fuel cell stack permits fuel cell systems to 

meet any arbitrary voltages. In a stack, a single conductive flow plate 

(the bipolar plate) is in contact with both the anode and cathode 

electrodes, connecting the two fuel cells in series. Most conventional 

PEMFC stacks adopt this configuration (Fig. 2-2) [1].  

The PEMFC single cell components consist of the bipolar plate, gasket, 

gas diffusion layer, catalyst, and membrane. The membrane is one of the 

vital components of the PEMFC, as it selectively transports protons and 

acts as a barrier between the reactants and electrons. Perfluorosulfonic 

acid membranes (Nafion) are commonly used as PEMFC membranes due 

to their high proton conductivity and moderate swelling in water [17]. 

The catalyst enhances the electrochemical reaction at electrodes, and 

platinum is the best catalyst for both the anode and cathode reactions. 

The gas diffusion layer, usually constructed from porous carbon paper in 

a PEMFC, allows the reactant gas to pass through to the catalyst layer 

and minimizes mass transport loss. The gas diffusion layer also removes 

the product, water, away from the catalyst layer. The bipolar plate has 

many functions, such as distributing reactants to the gas diffusion layer, 
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conducting electrons, and carrying away reaction products and heat.  

One key challenge for the commercialization of PEMFCs is to reduce 

the manufacturing cost of the bipolar plate. Although graphite has high 

material and manufacturing costs, it is commonly used as a bipolar plate. 

Alternative materials, such as coated metallic materials and graphite 

polymer composites, have also been researched extensively for use as 

bipolar plates. A metallic bipolar plate must be protected from corrosion 

by fuel cell environment, so protective coatings have been explored 

extensively. Cr based coatings [2-4, 18-24], Ti based coatings [5-8, 

25-33], carbon based coatings [11, 34-38], and noble metal coatings 

[39-42] have been used to increase the corrosion resistance and 

electrical conductivity of metallic bipolar plates. Composite bipolar plates 

are made from graphite-based conductive fillers, carbon powder filler, 

and a polymer resin using conventional polymer processing methods [43]. 

Graphite-based composite bipolar plates have the advantages of low 

machining cost, low weight, and good corrosion resistance but they have 

poor mechanical properties and low electrical conductivity. Therefore, 

studies on the mechanical and electrical properties of composite bipolar 

plates have investigated the effects of the graphite content, the 

morphology of the filler, and the type of resin [44-50].  
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Table 2-1. Comparison of fuel cell types 
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Figure 2-1. Diagram of PEMFC reactions 
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Figure 2-2. The diagram of fuel cell stack and components 
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2. Plasma diffusion process 

Both nitriding and carburizing are diffusion based processes. Since 

most changes in structure occur by diffusion, the knowledge of diffusion 

process is of core importance and its modeling would be useful. The 

diffusion of carbon or nitrogen in austenitic stainless steels can be 

described by Fick’s law, expressed as follows: 

∂C

∂t
=

∂

∂x
(𝐷

∂C

∂x
)  (2.14) 

where C is the concentration of nitrogen or carbon atoms, and D is the 

diffusion coefficient of the atom in bulk steel. Generally, D is a function 

of temperature and concentration, which can be written as follows using 

the Arrhenius form of the temperature term and the empirical 

exponential form of the concentration term [51]: 

D = 𝐷0exp (−
𝑄

𝑅𝑇
) exp (𝑘

𝐶

𝐶𝑚𝑎𝑥
)  (2.15) 

where D0 is the pre-exponential factor, Q is the activation energy for 

the diffusion of atom in the solid, and k is a factor representing the 

extent that diffusion is affected by the concentration. 

In this study, the diffusion geometry can be assumed as a one-
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dimensional semi-infinite bar since the diffusion depth is very shallow 

compared with the width and thickness of the sample. 

Eq. (2.14) with (2.15) for a given geometry was solved numerically by 

a finite different method (FDM) with a fully implicit scheme using 

Matlab®  (ver. R2013a, Mathworks). Two kinds of boundary conditions 

were used: one is fixed boundary condition (eq. (2.16)) and the other is 

a convective boundary condition (eq. (2.17)). The opposite side of the 

boundary condition is that the atomic concentration in the deep depth 

converges to zero (eq. (2.18)). 

C(x = 0, at surface) = 𝐶𝑠        (2.16) 

|−D
∂C

∂x
|

𝑥=0
= α(𝐶𝑖𝑛𝑓 − 𝐶𝑠)        (2.17) 

C(x → ∞, in the deep bulk) = 𝐶0 = 0   (2.18) 

where Cs, Cinf, α, and C0 are the surface concentration of the atom, the 

atomic concentration in the gaseous phase, the mass transfer coefficient, 

and the bulk concentration of the atom, respectively. 

The calculated concentration depth profiles are depicted in Figs. 2-3 ~ 

5, and the convective boundary condition was used in all cases. 
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When the diffusion coefficient is independent of concentration, the 

depth profile is analytically solved by an error function, which is the case 

‘exp(k)=1’ in Fig. 2-3. An increase in the k value, or exp(k), results 

in a thickening of the diffusion layer and the shape changes from convex 

to concave. A plateau is apparent, with a sharp leading edge at exp(k) 

over 100, which is often obtained during plasma nitriding or carburizing.  

As more carbon or nitrogen atoms are dissolved interstitially, the 

austenite FCC lattice tends to expand and the activation energy for 

diffusion is likely to decrease. From the viewpoint of diffusive atoms, a 

larger lattice parameter provides a broader pathway for entry of the 

atoms. Experimental results are presented in the next chapter. 

Diffusion depth profiles at various temperatures are calculated and 

shown in Fig. 2-4. Even a small change in temperature has a large effect 

on the diffusion depth. Consequently, temperature is one of the most 

important process parameters, and it should be precisely controlled. 

Diffusion layer thickness and temperature can be plotted as natural 

logarithms vs. 1/T (i.e., as Arrhenius plots), where the negative slope 

depicts the activation energy. In this case, the activation energy derived 

from the Arrhenius plot (the slope is 6980) is about one half of the value 
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of Q in eq. (2.13) (15050 is used) [52], indicating a concentration 

enhancement of diffusion. 

Cinf and α are parameters in the convective boundary condition of eq. 

(2.15). How these values affect the diffusion profile is shown in Fig. 2-5. 

Cinf is related to the gas phase species in plasma, and α varies due to 

substrate bias and/or substrate surface conditions. Note that all these 

parameters are conceptually valuable since the real situation is much 

more complex. For example, for α, the sample surface might or might 

not have native oxides, and sometimes carbon layers might form on the 

surface during carburizing. Carbide could also be formed even though 

XRD cannot detect it. In case of Cinf, various species can be produced in 

the plasma volume, but the weighting factors by which each species is 

converted to diffusive atom are not known. However, the Cinf and α 

remain as representative parameters for the sources of diffusive atoms, 

and consideration of their effect is intuitively useful.  

The depth profile becomes saturated with an increase in α. 

Obstruction of mass transfer at the surface prevents the full development 

of the diffusion layer, which indicates that the surface native oxide 

should be removed before the diffusion process. If a carbon coating 
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forms, it too could block diffusion.  

Both the surface concentration and diffusion depth increase with Cinf. 

Note that the solubility limit is not included in this calculation. Cinf and α 

could be useful for understanding the difference between plasma and 

thermal processes, and some indications could be found for connecting 

the diffusion profile to the plasma condition.  

Calculation results as well as experimental data are dealt with in the 

next chapter.  
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Figure 2-3. Effect of the concentration on diffusion coefficient. 
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Figure 2-4. Effects of temperature: (a) depth profile, (b) Arrhenius plot 

of the diffusion depth and temperature. 
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Figure 2-5. Effect of convective boundary condition: (a) atomic 

concentration in gas phase, (b) mass transfer coefficient. 
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3. Inductively Coupled Plasma (ICP) 

 Inductively coupled plasma (ICP), a type of plasma discharge, was first 

discovered in 1884 by Hittrof [53]. The ICP is generated by a RFI coil, 

which is placed outside or inside a dielectric chamber. Fig. 2-6 shows 

the basic principle of the generation of the internal ICP system. When 

13.56 MHz RF power is applied through the RFI Coil, the RF magnetic 

field is created by the RFI coil current. The time varying magnetic field 

induces the electric field in a perpendicular direction. The electric field 

accelerates electrons and ions, which are ionized from neutral particles 

to maintain the plasma discharge. In the steady-state, the loss rate due 

to diffusion and the production rate due to ionization are balanced in the 

plasma. Maintaining a high plasma density is difficult because diffusion 

losses are increased and ionization production is lowered at low pressure. 

However, the ICP system can maintain a high plasma density because the 

collisions of electrons and ions continue to occur due to the induced 

electric field. Thus, the plasma density of ICP is 10~100 times higher 

than that of conventional plasma processes such as DC glow discharge or 

RF capacitively coupled plasma. The plasma density and ion energy to 

the substrate can also be independently controlled. The ICP discharge is 
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the source of stable, reproducible, and highly uniform high-density 

plasmas and the plasma potential and electron temperature near the 

substrate appear to be low, which is favorable for the product yield, such 

as in etching and deposition processes. However, research into the use 

of the ICP diffusion processes on stainless steels has been limited to 

hardening of the surface of steels [54-56].  



28 

 

 

 

 

Figure 2-6. The principle of the generation of ICP 
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III. Experimental detail 

Commercial AISI 316L austenitic stainless steel with a chemical 

compositions of 0.03wt% C, 2wt% Mo, 12wt% Ni, 18wt%Cr, and balance 

Fe was used in this study. Samples with thickness of 0.3 mm and 0.2mm 

were cut into a size of 40 x 50 mm2 pieces and were then cleaned 

ultrasonically with acetone and ethanol each during 15 minutes in that 

order.  

The schematic diagram of the nitriding and carburizing system is 

shown in Fig. 3-1. The treatment process was performed with ICP in a 

hot wall quarts tube 150 mm in diameter with a length of 900mm. A 

stainless steel tube was used as the ICP antenna instead of a copper tube 

to reduce contamination as steel has a lower sputter rate than copper. 

Copper has very low resistivity, which reduce the resistive power loss 

during plasma process and is good candidate for ICP antenna. In some 

conditions, the plasma does not sustain fully ICP mode, and CCP 

component prevails. Then copper sputtered from the antenna could be a 

contamination source in the samples.  

Before process, the system was evacuated to 1 x 10-4 Pa and the 

sample was plasma-etched with hydrogen and argon to remove the 
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surface native oxide. The ICP nitriding and carburizing carried out in 

various conditions. 13.56MHz RF generator with matching network was 

used for ICP, and the nominal RF power was 400W. DC bias was applied 

to the substrate and fixed to -100V. After process, the samples cool to 

room temperature in furnace with vacuum. 

The crystal structure of the treated samples was characterized by X-

ray diffraction (XRD) with Cu Kα radiation[MAC science M18XHF-

SRA]. The modified depth of samples was determined by field emission 

scanning electron microscopy (FESEM)[JEOL JSM-6330F]. The 

expanded austenite phase, also known as the S-phase, could be 

observed only after chemical etching the samples with a proper etchant. 

In this work, Marble’s reagent (10g CuSO4 + 50ml HCl + 50ml H2O) 

was used as the etchant. The elemental analysis was carried out by 

Auger electron spectroscopy (AES)[Perkin-Elmer model 660] and X-

ray photoelectron spectroscopy(XPS)[KRATOS AXIS-HSi]. 

The interfacial contact resistance (ICR) was measured by means of the 

Davies’ method [57]. The schematic diagram of ICR is shown at Fig. 

3-2. The ICR value between the treated sample and the carbon paper 

was evaluated by IM6(impedance measurement unit, ZANHER Electrik) 
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under compaction pressure of 50, 100 and 150N/cm2 by the 

compressor(Instron5566). The ICR was calculated with subtraction of 

Rextra(eq. 3.2) from Rtotal(eq. 3.1)). Rtotal is the sum of all components of 

resistance, and Rextra is measured from only a sheet of carbon paper 

placed between two gold-plate current collectors without the sample. In 

this study all ICR values are represented 2Rcoating-carbon , 

 

(3.1) 

      (3.2) 

(3.3) 

 

Rcoating-carbon: interfacial contact resistance between coating and carbon paper  

Rcarbon-gold: interfacial contact resistance between carbon paper and gold-plated current 

collector 

Rcarbon: bulk resistance of carbon paper, negligible 

Rsample: bulk resistance of sample, negligible 

Rcircuit: resistance of device and circuit 

 

The corrosion property of the treated samples was measured with a 

2

total extra
coating carbon

R R
R 




2 2extra carbon gold carbon circuitR R R R  

2 2 2total coating carbon carbon gold carbon sample circuitR R R R R R     
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potentiostat/galvanostat (AMETEK VersaSTAT3) in a 0.1N H2SO4 + 

2ppmHF solution at 80℃ while simulating the PEMFC operation condition. 

A conventional three-electrode system which is composed of a carbon 

rod as counter electrode, a saturated calomel electrode (SCE) as 

reference electrode, and the nitrided samples as working electrode was 

used (Fig. 3-3). The polarization curves were obtained by an AMETEK 

VersaSTAT3 potentiostat/galvanostat. The samples were stabilized at 

the open-circuit potential (OCP) for 20min. For potentiodynamic 

polarization, the potential scan was from −0.3V (vs. OCP) to 1.0V (vs 

SCE) at a scanning rate of 1.0mVs−1. The ptentiostatic test performed at 

potential 0.6 V (vs SCE) for 10000 sec. 
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Figure 3-1. The schematic diagram of ICP diffusion process system 
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Figure 3-2.  The  diagram of ICR measurement 
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Figure 3-3. The diagram of electrochemical polarization cell design  



36 

IV. ICP Nitriding for a PEMFC bipolar plate 

1. Motivation 

Stainless steel (AISI 316L) bipolar plates are expected to replace the 

currently used graphite bipolar plate, as the latter demands too high 

manufacturing cost for practical commercialization despite its superior 

electrical and electrochemical properties [58]. Furthermore, AISI 316L 

performed better corrosion resistance than other stainless steels (AISI 

304, AISI 430) after stamping process [59]. However, an AISI 316L 

bipolar plate requires an extra surface treatment to satisfy the required 

ICR (< 20 mΩcm2 at 150 Ncm-2) and corrosion resistance (< 1ⅹ10-6 

Acm–2 at 0.6 V) specifications for use as a bipolar plate in a PEMFC. 

Recently, attempts have been made to achieve the required properties by 

nitriding stainless steel without any deposition processes [58, 60-62]. 

However, extensive research on the use of nitrided commercial stainless 

steels has not been carried out. Brady et al. [58, 61, 62] attempted to 

obtain low ICR and high corrosion resistance through the nitriding of Cr-

baring alloys such as Ni-Cr alloys and ferritic high-Cr stainless steels. 

The required electrical and electrochemical properties could be achieved 

with stainless steels containing high Cr content (29 wt%). This also 
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required very long nitriding time (> 40 hr) and high temperature (> 

800 ℃). Tian et al. reported that the ICR value could be reduced to 10 m

Ωcm2 at a compaction force of 150 Ncm-2 after the plasma nitriding of 

austenitic stainless steel 304L [13] and 316L [60] at 400 ℃ for 2 hours. 

However, the corrosion resistance values of these two types of stainless 

steel did not satisfy the required value when the corrosion current 

density was greater than 10 μAcm-2 in PEMFC simulated solutions.  

The austenitic stainless steels have good corrosion resistance because 

of Cr existing as solid solution [63]. At high temperatures (> 450 ℃), 

the Cr compound formes easily due to acceleration of Cr diffusion 

rate[63]. When samples are nitrided at temperatures above 450 ℃, the 

precipitation of CrN occurrs in austenitic stainless steel. And then the 

corrosion resistance is deteriorated by the Cr depletion [64-66]. 

Therefore, for PEMFC bipolar plate application, the nitriding treatment of 

stainless steel has to be kept at a lower temperature.  The gas nitriding 

could not obtain the efficiency at low temperature. The plasma enhanced 

nitriding has to be used for high efficiency due to higher plasma density 

and higher ion energy. By using high density plasma for the nitriding, the 

process temperature could be reduced to low temperature.  
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In this study, AISI 316L was nitrided by inductively coupled plasma 

(ICP) and the manner in which the high-density plasma affected the ICR 

and corrosion resistance values of the nitrided samples was investigated. 
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2. Results 

2.1. Effect of nitriding time 

2.1.1. Structure & morphology 

The nitriding experiment was carried out at various process times at 

200mTorr. The RF power of the ICP was 400W, and the substrate DC 

bias was -100V. The gas mixture was 50% H2 and 50% N2. The process 

temperature was maintained 380 ℃ in order to prevent Cr precipitation 

in the steel. The nitriding process parameters are listed in table 4-1. 

Fig. 4-1 shows the XRD patterns of untreated AISI 316L stainless 

steel and ICP nitrided layers after various nitriding times. The crystal 

structure of AISI 316L stainless steel is austenite (called γ phase), 

which is a face centered cubic crystal. The peaks of the γ(111), γ

(200), and γ(220) phases of untreated stainless steel were detected at 

43.3°, 50.5°,and 74.6°, respectively. After the nitriding process, the 

austenite peaks shifted to lower diffracting angles, compared to 

untreated stainless steel. The phase formed by nitriding called the S-

phase (denoted by γN) indicates an expansion of the lattice by nitrogen 

diffusion. The S-phase was also observed in nitrided austenitic steels in 
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other studies [67-90]. According to XRD data, the phase compositions 

of the nitride layer did not change with nitriding time. This temperature 

is too low for chromium migration to occur, so no precipitation of 

chromium nitride occurred. With increased process time, the expanded 

austenite peaks were shifted to lower angles, while the FCC austenite 

peaks disappeared. This is probably because of the increased nitrogen 

concentration, and the thickness of the S-phase increased as the 

nitriding time increased. The S-phase of nitride samples is broad due to 

the nitrogen gradient, the residual stress, and defects in the nitride layer. 

The peak position of the S-phase did not move to a lower angle after 1 

hour of processing time because the nitrogen concentration has a limiting 

value in the interstitial areas of FCC. 

FE-SEM images of nitrided samples after various process times are 

presented in Fig. 4-2. The nitriding process times were (a) 1 min, (b) 5 

min, (c) 10 min, (d) 20min, and (e) 30 min. No surface morphology 

changes were detected with process time. However, surface defects 

such as pin-holes disappeared as the process time increased, due to 

surface expansion. Fig. 4-3 shows the cross-sectional images of the 

nitrided samples with process time. The cross sectional FESEM images 

of the nitrided samples were obtained by bending the samples. Since the 
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S-phase has relatively brittle characteristics compared to stainless steel, 

a cross sectional image can be observed by bending. The thickness of 

the S-phase increased with time, indicating that the nitriding treatment 

reached depths of about 1.14, 3.2, 5.1, and 8μm after 0.5, 1, 2, and 4 

hours, respectively.  
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Table. 4-1. ICP nitriding process parameters for time effect 

ICP nitriding process 

ICP power / W 400 

Substrate bias / V -100 

N2 flow rate / sccm 10 

H2 flow rate / sccm 10 

Pressure / mTorr 200 

Substrate temperature / ℃ 380 

Treatment time / min 1 ~ 240 
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Figure 4-1. The XRD diffraction patterns of nitrided samples as a 

function of process time 
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Figure 4-2. FESEM images of the nitrided surface after (a) 1 min, (b) 5 

min, (c) 10 min, (d) 20min, and (e) 30 min of nitriding 
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Figure 4-3. Cross-sectional FESEM images of the nitrided samples 

after (a) 30 min, (b) 1 hour, (c) 2 hours, and (d) 4 hours of nitriding 
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2.1.2. PEMFC property 

Fig. 4-4 shows the interfacial contact resistances of the nitride 

samples as (a) a function of the compaction force and (b) after a 

nitriding time at 150N/cm2. For all samples, as is well known, the ICR 

decreases with increases in the compaction pressure. The electrical 

property was improved after the nitriding process. When the process 

time was 60 minutes or more, the samples had lower ICR values (11mΩ

cm2 at 150N/cm2) than untreated stainless steel (130mΩcm2 at 

150N/cm2). However, the ICR values were above 30 mΩcm2 when the 

nitriding time was 30 minutes or less. Thus, long nitriding times with a 

dense S-phase are needed for low ICR values.  

Fig. 4-5 shows the potentio-dynamic polarization curves of nitrided 

samples. The current density of all nitrided samples increased at 0.6V 

(vs. SCE) after the nitriding process. This indicates that the corrosion 

resistance is decreased by nitriding despite the low operating 

temperatures(< 400 ℃). This is because the substrate temperature is 

increased by plasma heating. 
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Figure 4-4. ICRs of the nitrided samples as a function of (a) the 

compaction force and (b) the nitriding time at 150 N/cm2  
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Figure 4-5. Potentio-dynamic polarization curves of the nitrided 

samples for different nitriding time 
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2.2. Effect of nitriding pressure 

2.2.1. Structure & morphology 

The nitriding experiment was carried out with various pressures from 

20mTorr ~ 200mTorr in order to identify the plasma density effect. 

Typically, the ion flux associated with plasma density affects the 

substrates in the nitriding process. The RF power of ICP was 400W, and 

the substrate DC bias was -100V. The gas mixture was 50% H2 and 50% 

N2. The process temperature was maintained at 380 ℃. The nitriding 

process parameters are listed in table 4-2. 

The XRD diffraction patterns of nitrided samples at various pressures 

are shown in Fig. 4-6. When the nitriding treatments were performed at 

380 ℃, only the S-phase associated with a nitrogen-rich FCC phase 

was formed. The compound layers such as CrN and Cr2N, were not 

detected. The cross sectional FESEM images of the nitrided samples 

obtained by chemical etching after mechanical polishing are shown in Fig. 

4-7. The etching rate of the S-phase is different from that of stainless 

steel, so the S-phase was observed. The thickness of the S-phase was 

1.04, 1.84, and 1.07 μm at pressures of 10, 50, and 200mTorr, 

respectively. The nitrided layer at 50mTorr was thicker than the nitride 
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layer at 10 and 200 mTorr despite the same nitriding temperature. Fig. 

4-8 shows the substrate temperatures during the ICP nitriding process. 

The substrate temperature increased to 438, 492, and 407 ℃ at 

pressures of 10, 50, and 200 mTorr, although the furnace temperature 

was maintained 380 ℃. The differences in temperature caused thickness 

changes in the S-phase. 

The AES depth profile of the nitrided samples is shown in Fig. 4-9. 

The nitrogen concentration was about 25 at% at 50, 100, and 200mTorr, 

whereas the nitrogen concentration was 20 at% at 10mTorr. This 

indicates that the nitrogen atoms were diffused sufficiently by ICP 

nitriding, and formed a nitrogen supersaturation layer. The concentration 

of oxygen on the surface decreased with nitriding process compared to 

the untreated stainless steel. This shows that the oxide formation could 

be prevented by the bonding of nitrogen at the surface. 
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Table. 4-2. ICP nitriding process parameters for pressure effect 

ICP nitriding process 

ICP power / W 400 

Substrate bias / V -100 

N2 flow rate / sccm 10 

H2 flow rate / sccm 10 

Treatment time / min 30 

Substrate temperature / ℃ 380 

Pressure / mTorr 10 ~200 
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Figure 4-6. The XRD diffraction patterns of nitrided samples as a 

function of process pressure 
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Fig. 4-7. Cross-sectional FESEM images of the nitrided samples at (a) 

10 mTorr, (b) 50 mTorr, (c) 200 mTorr 
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Figure 4-8. Substrate temperature with nitriding pressure 
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Figure 4-9. AES depth profiles of nitrided samples treated at (a) 10, (b) 

50, (c)100, and (d) 200 mTorr 
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2.2.2. PEMFC property 

The ICR values of the nitrided samples are presented in Fig 4-10. The 

electrical properties of all nitride samples were increased compared to 

stainless steel. The ICR values at a compaction pressure of 150 N/cm2 

were 34, 13, 31, and 39 mΩcm2 at 10, 50, 100, and 200 mTorr, 

respectively. When the process pressure was 50mTorr, the ICR value 

was significantly decreased compared to the other pressures. A low ICR 

value could also be obtained for a short time (30min) by low pressure 

nitriding because the plasma density at 50mTorr is higher than at 

200mTorr. 

The potentio-dynamic polarization curves of the nitride samples were 

measured in a PEMFC environment (Fig. 4-11 (a)).The current 

densities of all nitrided samples were increased compared to untreated 

stainless steel. The current densities at 0.6V were 21, 29, 73, and 22 μ

A/cm2 at 10, 50, 100, and 200 mTorr, respectively. As shown in Fig. 4-

8, the substrate temperature was increased above 450 ℃ by plasma 

heating and the corrosion property was decreased by high temperature 

nitriding. Fig. 4-11 (b) shows the results of a potentiostatic test at 0.6 V 

for 6000sec. The saturation current densities are 1.6 × 10-7, 2.3 × 
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10-7, 1.7 × 10-6, and 6.8 × 10-7 A/cm2 at 10, 50, 100, and 200 mTorr, 

respectively. Because the potential of 0.6V is a passivation region, all 

nitrided samples had a stable current density.  
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Figure 4-10. ICRs of the nitrided samples as a function of the 

compaction pressure   
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Figure 4-11. (a) Potentio-dynamic polarization curves and (b) 

potentio-static curves of the nitrided samples for different nitriding 

pressure   
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2.3. Effect of nitriding temperature 

2.3.1. Structure & morphology 

Plasma nitriding was carried out in a temperature range between 200 

and 380 ℃ for 30 min at 50 mTorr. ICP was generated with a nominal 

RF power of 400 W at 13.56 MHz. A DC bias of -100 V was applied to 

the substrate and a gas mixture of 50% H2 and 50% N2 was used for the 

nitriding process. The nitriding process parameters are listed in table 4-

3. 

Fig. 4-12 shows the diffraction patterns of the samples after nitriding 

at different temperatures. An untreated AISI 316L sample is also shown. 

Chromium-containing nitrides such as CrN and Cr2N were not detected, 

though they have been observed when stainless steels with high Cr 

contents (∼ 29 wt%) were nitrided [58, 61, 62]. At ≥ 320 ℃, a new 

S-phase peak was noted beside the γ(111) peak. The austenite peaks 

shifted to lower diffracting angles, indicating a lattice parameter increase 

due to nitrogen supersaturation. The S-phase peak was not observed at 

260 ℃, as nitrogen diffusion was not rapid enough to form this phase at 

such a low temperature. The S-phase is clearly observable in the 
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cross-sectional FESEM images of the samples nitrided at 320 and 380 ℃ 

(Fig. 4-13 (a) and (b)). S-phase of a very small thickness (∼0.1 to 0.2 

μm) was formed after nitriding at 260 ℃, and the thicknesses increased 

to 1 μm and 1.5 μm at 320 and 380 ℃, respectively. Fig. 4-14. (c), a 

wide view of Fig. 4-14. (a), shows the grain boundaries in the matrix. 

The grain boundary, however, was not observed in the S-phase. The S-

phase appeared to have a densified structure due to nitrogen 

supersaturation, and resulted in a higher resistance against etching. 
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Table. 4-2. ICP nitriding process parameters for temperature effect 

ICP nitriding process 

ICP power / W 400 

Substrate bias / V -100 

N2 flow rate / sccm 10 

H2 flow rate / sccm 10 

Pressure / mTorr 50 

Treatment time / min 30 

Substrate temperature / ℃ 200 ~ 380 
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Figure 4-12. The XRD diffraction patterns of nitrided samples as a 

function of process temperature 

. 
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Figure 4-13. Cross-sectional FESEM image of the samples nitrided at 

(a) 320 ℃ and (b) 380 ℃, and (c) wide view at 320℃ 
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2.3.2. PEMFC property 

The results from the ICR measurements under different compaction 

pressures are presented in Fig. 4-14. The ICR value of the untreated 

sample was 130 mΩcm2 at a compaction force of 150 Ncm-2, whereas 

these values were 40, 13 and 11 mΩcm2 after nitriding at 260, 320 and 

380 ℃, respectively. The electrical property was greatly improved when 

the dense S-phase was formed, whereas the sample with a very thin S-

layer (treated at 260 ℃) showed a relatively high ICR value. 

Potentiodynamic polarization curves of the nitrided samples are shown in 

Fig. 4-15 (a). The corrosion property was measured by purging the air 

so as to simulate the cathodic condition of a PEMFC. The corrosion 

potential (Ecorr) and the current density at 0.6 V (cathode condition) are 

presented in Table 1. According to previous reports [13, 60, 91], the 

value of Ecorr undergoes a slight change after the nitriding of austenitic 

stainless steels. However, here it shifted to a more positive value, as 

shown in Fig. 4-15 (a), indicating improved corrosion resistance due to 

the low-temperature plasma nitriding process. The samples nitrided at 

260 and 320 ℃ had current density values similar to that of an untreated 

sample, while the sample nitrided at 380 ℃ had a much higher current 

density. It is well known that chromium-containing compounds such as 
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CrN or Cr2N form after nitriding at relatively high temperatures (> 

450 ℃) [71, 91-93]. The formation of such compounds creates 

chromium-depleted regions and consequently reduces the corrosion 

resistance. The sample nitrided at 380 ℃ may have incurred chromium-

depleted regions more easily due to plasma heating. The potentiostatic 

polarization curves of the nitrided samples are shown in Fig. 4-15 (b). 

All of the nitrided samples have low current density values (< 2.5ⅹ10-7 

Acm–2). In particular, the current density of the sample nitrided at 590 K 

converged to 4.05 x 10-8 Acm–2 at the end of the test. The formation of 

the dense S-phase without a Cr-depleted region effectively enhanced 

the corrosion resistance. 
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Figure 4-14 ICRs of the nitrided samples as a function of (a) the 

compaction pressure and (b) the nitriding temperature at 150N/cm2 
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Figure 4-15. (a) Potentio-dynamic polarization curves and (b) 

potentio-static curves of the nitrided samples for diffrent nitriding 

temperature 
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3. Discussion 

3.1. Diffusion Process of ICP Nitriding 

Ions were very important participants in this nitriding process, since 

the high density plasma and the substrate bias were used. Evaluation of 

the ion incident energy onto the substrate considers collisions in the 

plasma sheath. When the surface is negatively biased, the Child law can 

be applied. Assuming an electron temperature of 3 eV, a plasma density 

of 1011cm-3, and a bias of 100 V, the Debye length is calculated as 0.04 

mm, and the Child sheath thickness is 0.44 mm using the following 

equations [94]. 

λ
𝐷

= (
ϵ0𝑇𝑒

𝑒𝑛𝑒
)

1 2⁄

       (4.1) 

s =
√2

3
λ

𝐷
(

2V

𝑇𝑒
)

3 4⁄

    (4.2) 

where λD, ε0, Te, s, and V are the Debye length, the vacuum 

permittivity, the electron temperature, the sheath thickness, and the bias 

voltage, respectively. 

However, the mean free path of nitrogen at 50 mTorr is about 1 mm, 
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which is larger than the sheath thickness. Therefore, the nitrogen ions 

will undergo few collisions en route to the substrate, meaning that their 

kinetic energy might approach the substrate bias [95]. 

Based on the above calculation, we further evaluated the implantation 

depth by TRIM code [www.srim.org](Fig. 4-16). The maximum bias 

was 100 V in this experiment, and the TRIM calculation was performed 

for several ions with energy ranging from 10 to 1000 eV. The lightest 

ion, hydrogen, with 100 eV, can penetrate 1 nm from the surface, while 

the other heavier ions, nitrogen and argon, with 100 eV, have sub-1nm 

implantation depths. The plasma nitrided depth ranges from a few 

hundred nm to a few μm; hence, the implantation depth is negligibly 

small. 

Generally, ions are neutralized in roughly 10-15 sec, when they 

approach the metal surface [96]. The implanted ions are regarded as 

neutral atoms, and the diffusion process in the substrate can be 

understood by Fick’s law. 

The thicknesses of the nitrided layers with increases in nitriding time 

were measured by cross sectional FE-SEM and are summarized in Fig. 

4-17. The layer thickness is linearly dependent on the square root of 
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the nitriding time, indicating the general diffusion phenomena known from 

the reduced parameter, 𝑥 √4𝐷𝑡⁄ . This process could be investigated in 

detail by examining the depth profile. The AES depth profile for different 

nitrogen concentrations is shown in Fig. 4-18, as well as the simulated 

results. Experimental profiles differed from the simple error function and 

showed a gentle slope near the surface and a steep edge in the interior. 

The profile data showed a good fit when modeled using concentration 

dependent diffusivity. That is, the behavior of nitrogen in the substrate 

could be explained by the Fick’s law solution of the concentration 

dependent diffusivity in case of the ICP nitriding as well as in case of 

other nitriding processes such as gas nitriding. 

As nitrogen atoms diffuse into the substrate, the nitrogen concentration 

rises, followed by an increase in diffusivity near the surface. The change 

in diffusivity creates a highway for the rear atoms. The profile near the 

surface has a gentle slope due to the larger diffusivity while the 

penetrating edge resembles the error function with lower diffusivity. 

One substantial difference between the ICP nitriding and others may 

arise from the nitrogen source. Atomic nitrogen could be more easily 

supplied in the ICP nitriding compared with gas nitriding. Sometimes the 
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number density of atomic nitrogen is higher than that of the nitrogen 

molecules in the ICP. [97] The ‘temperature’ might also drive the 

uniqueness of the ICP nitriding. The surface temperature is higher than 

the setting temperature due to ion bombardment. The substrate 

temperature and plasma parameters are dealt with in another section. 

Only a slight difference was observed between the experimentally set 

temperature and the modeled temperature. The plasma heating effect 

would be more severe at lower setting temperatures. 
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Figure 4-16. Implantation depths of several ions vs. incident energy 

calculated by TRIM code 

 



74 

 

 

 

 

 

Figure 4-17. Thicknesses of the nitrided layers vs. square root of 

nitriding time measured by cross sectional FE-SEM 
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Figure 4-18. Nitrogen depth profiles at various process temperatures. 

Data represented by symbols were measured by AES, and lines are 

simulated results 
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3.2. Surface characteristics and ICR of the S-phase 

The ICR is mainly influenced by the contact area between the sample 

and carbon paper and the conductivity of the sample surface [98]. The 

contact area is closely related with the surface roughness of sample. 

Researchers have studied the relationship between surface roughness 

and ICR [99-101]; however, in the present study, no change was 

observed in surface roughness. Therefore, the properties of the sample 

surface, such as microstructure and surface composition, affect ICR 

performance.  

Typically, the S-phase is formed on austenitic stainless steels by the 

nitriding process. During this process, a large amount of nitrogen is 

entrapped within the lattice of austenitic stainless steel, and forms an S-

phase. The nitrogen exists as an interstitial solid solution in the lattice, 

so the lattice expands. The S-phase is a metastable phase, and its 

structure and formation mode are not completely understood. Gontijo et 

al. [71] claimed that the S-phase has a distorted cubic structure, and the 

composition of the S-phase is not only γ’-Fe4N, ε-Fe2-3N γ, and 

γN but also α-(Fe, Ni, Cr) and α-(Fe, Ni). Fewell et al. [102] 

showed that the S-phase is not a mixed phase. Some grains have 
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different unit cells, with a slight distortion from FCC. Fig. 4-19 shows 

the lattice parameters calculated from the XRD data (Fig. 4-12). The 

lattice parameters expanded from 0.36 nm to 0.37 in the (111) and (200) 

planes after nitriding at 320 ℃, whereas they were measured as 0.39 nm 

at 380 ℃. The lattice parameter of the (200) planes increased more than 

that of the other planes. The S-phase is known to be slightly distorted 

by plasma nitriding [102], and these results correspond with Fewells’ 

research. 

Brady et al. [58] found that the ICR decreased due to the formation of 

Cr nitrides on the surface of nitrided samples. Hence, they argued that 

modification of the native oxide layer on the surface, either by nitrogen 

doping or by replacing it with a nitride layer, significantly enhanced the 

conductivity. Tian et al. [60], on the other hand, showed that a dense S-

phase, when it forms on the surface of stainless steel, lowered the 

electrical resistance because the ICR is decreased without the formation 

of Cr nitride layers. In the present study, the XRD diffraction patterns in 

Fig 4-1, 6, 12 show that only the S-phase was formed at almost all 

operating conditions considered in this study. When a sufficient S-phase 

was formed, the ICR values were significantly decreased. However, the 

ICR was not decreased at temperatures below 260℃ and after a short 
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treatment time because the S-phase was not formed. Therefore, the S-

phase has a good electrical property, and low ICR values could be 

obtained without a compound layer by the nitriding process. 

The relationship between surface oxide composition, obtained from 

AES (Fig. 4-9), and ICR values at various temperatures is shown in Fig. 

4-20. The ICR values were proportional to surface oxide concentration. 

The native oxide exists on the surface of stainless steel, bonding as 

Fe2O3 or Cr2O3. These oxide compounds have high electrical resistivity 

compared to pure metal, so the ICR of stainless steel is 130mΩcm2, and 

the surface oxygen concentration of stainless steel is 52%. On the 

contrary, the surface oxygen concentration is reduced to 13.9% by the 

nitriding process at a pressure of 50mTorr, and ICR values are 

decreased to 13 mΩcm2. The nitrided sample at 50mTorr pressure has a 

high plasma density, which affects the surface oxygen concentration. 

This indicates that suppressing oxide formation after nitriding improves 

the electrical property of the samples. 
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Figure 4-19. The lattice parameter of the AISI 316L samples nitrided at 

different temperatures  
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Figure 4-20 ICRs and surface oxide concentration of the nitrided 

samples as a function of the nitriding pressures at 150 N/cm2 
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3.3. Plasma heating and corrosion resistance 

The austenitic stainless steels have good corrosion resistance because 

Cr existing as a solid solution forms a dense passive layer in a corrosion 

environment. However, the Cr compounds such as CrN, Cr2N and Cr6C23 

form easily at high temperatures (> 450 ℃). This causes a depletion of 

Cr and therefore leads to a decrease in corrosion resistance. In the 

present study, although Cr compounds could not be observed in the XRD 

diffraction patterns and the nitriding process was performed below 400℃, 

the corrosion property decreased under almost all conditions. 

Fig. 4-21. (a) and (b) shows the N 1s XPS peak evolution of the 

samples nitrided at 320 and 380 ℃. The binding energies of the N 1s 

peaks of CrN and Cr2N are reportedly 396.6 eV and 397.5 eV, 

respectively [103, 104]. The N 1s peak at 400.3 eV is either associated 

with an adsorbed nitrogen molecule [105] or oxidized nitrogen [104]; it 

is not associated with the formation of Cr nitride. XPS data showed the 

formation of CrN and Cr2N compounds in the samples nitrided at 320 and 

380 ℃, but this was not detected in the XRD data. However, a much 

smaller amount of chromium nitride formed in the sample nitrided at 

320 ℃. As a result, the corrosion resistance was much better than that 
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of the sample nitrided at 380 ℃. Figs. 4-21. (c) and (d) show the C 1s 

XPS peak of the samples nitrided at 320 and 380 ℃. Typically, carbide 

precipitation in austenitic steels occurs at temperatures above 550 ℃. 

Chromium-rich compounds such as Cr23C6 precipitate in the grain 

boundaries and can cause intergranular corrosion. This phenomenon 

reduces the corrosion resistance of stainless steel. The present results 

showed no Cr compounds in XRD diffraction patterns because 

crystallization had not occurred, but Cr compounds could exist inside the 

matrix. As shown in Fig. 4-8, the substrate temperature with various 

pressures was increased above 400 ℃ when furnace temperature was 

380 ℃. These increases in substrate temperatures were due to plasma 

heating, which can be understood qualitatively by the heat flux 

equation[106]. 

C
d𝑇𝑆

dt
= 𝑄𝑖𝑛 − λ

𝐴

𝑑
(𝑇𝑆 − 𝑇𝐻) 

where C, TS, TH, Qin, λ, A, and d are the heat capacity of the substrate, 

the surface temperature, the holder temperature, the energy influx onto 

the surface, the heat conductivity of the substrate, the surface area 

exposed to the plasma, and the distance from the surface to the holder, 

respectively. A conduction heat loss to the holder is included in this 
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equation, since the convection loss would be relatively small at low 

pressures and the radiation loss also could be negligible in the hot wall 

furnace. Here λ, C, A, and d are almost constant during the experiment, 

and TH might be assumed as the setting temperature of the furnace. The 

surface temperature is only affected by, and linearly proportional to, the 

heat influx, considering a steady state solution of the equation. There are 

many contributions to the heat influx, such as radiations, chemical 

reactions, neutrals, ions, and electrons. Among them, the kinetic energy 

of ions would be dominant when using a negatively biased substrate. 

Assuming that the Bohm ion saturation current and the collisionless 

sheath are applied, the ion kinetic energy influx can be expressed as 

follows: 

𝑄𝑖𝑛 ≈ A ∙ 𝑛𝑒√
𝑘𝑇𝑒

𝑚𝑖
𝑒𝑥𝑝(−0.5) ∙ 𝑒𝑉𝑏𝑖𝑎𝑠 

Qin is proportional to the electron density and square root of the 

electron temperature at a fixed bias. Since the electron temperature 

might range from 2 to 4 eV at these process pressures [107, 108], the 

energy influx to the substrate is almost proportional to the electron 

density. The relation between the substrate temperature and the plasma 
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density is well represented in Fig. 4-22 and 4-23. 

The substrate temperatures depend on plasma densities. The plasma 

density in ICP nitriding is highest at 50mTorr. At low pressure, the 

density of plasma is limited mostly by the small number of molecules and 

at higher pressures mostly by the energy losses arising from inelastic 

collisions. The maximum of the density is optimum at 50 mTorr pressure. 

Many ions that exist in the plasma volume collide with substrate and this 

increases the substrate temperature by plasma heating. At 50mTorr, the 

S-phase is thicker than at other pressures due to this high substrate 

temperature (Fig. 4-7). Although the substrate temperature at 10mTorr 

is higher than at 200mTorr, the etching by plasma is dominant at low 

pressure. The incident ion energy is increased at lower pressures 

because of the low probability of collisions. Thus, the thickness of the 

S-phase has a similar value at 10 and 200 mTorr. 
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Figure 4-21. XPS spectra Cr2p of nitrided sample at (a) 320 ℃ and 

380 ℃, and C1s of nitrided sample at (c) 320 ℃ and (d) 380 ℃ 
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Figure 4-22. Substrate temperature and plasma density at various 

nitriding pressures. 
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Figure 4-23. Substrate temperature and plasma density at 320℃ 

nitriding temperature 
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V. ICP Carburizing for PEMFC bipolar plate 

1. Motivation 

The thickness of substrate materials for the bipolar plate should be 

decreased in order to reduce the weight of the fuel cell stack and to 

improve the volumetric power density. The bipolar plates used in the 

actual fuel cell environment are also manufactured via press processes 

such as stamping or hydro-forming, which causes internal stress to 

accumulate in the AISI 316L bipolar plate during stamping or hydro-

forming of flow channels. If the process temperature increases during 

application of protective coatings or surface modifications, the substrate 

can be deformed by internal stress. Therefore, the process temperature 

needs to be reduced. The nitriding process requires a relatively high 

temperature above 300 for a thick S-phase. Carbon diffusion is faster 

than nitrogen diffusion in austenite, so the S-phase could be formed at a 

low temperature and in a short time. The diffusion coefficient of carbon 

and nitrogen is represented as the following: 
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- D(C)=4.5 x 10-5 um2s-1 @ 430 ℃ 

       - D(N)=2.8 x 10-5 um2s-1 @ 430 ℃ 

The conventional carburizing process can improve the surface 

hardness, wear resistance, and fatigue resistance of austenitic stainless 

steels because of the formation of the S-phase. However, it is difficult to 

produce a thicker S-phase, which is a non-equilibrium precipitation free 

layer. A high temperature and long treatment should be needed, but this 

will degrade corrosion resistance with the formation of carbide phases. 

Since the Cr diffuses to the carbide phase, the Cr in the matrix is 

reduced and the corrosion resistance of the stainless steel is reduced. 

Conventional carburizing has the limitation that carbon solubility is low 

with the formation of carbides under equilibrium conditions [109]. Low 

temperature carburizing has been investigated to overcome this limitation 

[110-117].  

Nikam et al. [16] carried out low temperature carburization of stainless 

steel using a process patented by the Swagelok Company. The ICR and 

corrosion resistance was measured for PEMFC bipolar plate applications. 

A carbon supersaturation phase was formed in the near surface region of 

stainless steels at relatively low temperature (about 450 ℃). The 
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corrosion property was improved after low temperature carburization, 

but the ICR value was similar to that of stainless steels (95mΩcm2). 

Feng et al. [111] studied carbon ion implantation for improving the 

surface conductivity and corrosion resistance of stainless steel. The 

corrosion property was improved after carbon ion implantation due to the 

formation of a surface carbon phase. The ICR decreased with increases 

in ion implantation time and the smallest value was 207.5–86.8 mΩcm2 at 

compaction forces of 90–210 N cm−2.   
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2. Results & discussion 

2.1. Effect of carburizing temperature 

2.1.1. Structure 

The ICP carburizing process was performed at various temperatures 

(200, 300, 400, and 500 ℃). High density plasma was obtained by 

carburizing using a gas mixture of 90% Ar + 10% CH4. The process 

conditions are listed in table 5-1. 

Fig. 5-1 shows XRD results of the carburized samples at various 

temperatures. The γ(111), γ (200), and γ(220) peaks of austenite 

stainless peaks were shifted toward lower angles by the carburizing 

process. The carbon atoms penetrated into the stainless steel and 

increased the FCC lattice size of the stainless steel. The phase formed 

by carbon dissolution is expressed as γc (called the S-phase) [112-

115]. Cr carbide, which is formed easily at high temperature, was not 

detected in the ICP carburizing. Carbon supersaturation layers were 

formed with sufficient thickness since the peaks of the substrate were 

not observed at 400 ℃ or higher. As the temperature increased to 
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400 ℃, the shift in the γc peak gradually increased. The approximate 

carbon concentration of the γc phase was calculated from XRD peak 

shifts using Picard’s equation. The values of an expanded austenite 

lattice parameter was used for averages of the (111), (200) and (220) 

planes. 

aγc=aγ + ACc 

 

aγc : expanded austenite lattice parameter 

aγ : received austenite lattice parameter 

A : Vegard`s constant (0.0078Å) 

Cc : atomic carbon concentration in lattice 

 

Fig. 5-2 shows the carbon concentration in lattice calculated by Picard’

s equation at various carburizing temperatures. The carbon concentration 

of carburized samples was 11.7, 12.5, and 13.3 at% at the carburizing 

temperature of 200, 300, and 400 ℃, respectively. Below 400 ℃, the 

carbon concentration in the lattice increases as the process temperature 

increase, while the carbon concentration decreased at 500 ℃. This was 

due to the precipitation of carbide at 500 ℃ [112]. Since Picard`s 
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equation assumes that the dissolved carbon in a lattice is proportional to 

the expansion of lattice, Picard`s equation is not applied when carbide is 

formed at high temperature. 
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Table 5-1. ICP carburizing process parameters for temperature effect 

ICP carburizing process 

ICP power / W 400 

Substrate bias / V -100 

CH4 flow rate / sccm 2 

Ar flow rate / sccm 18 

Pressure / mTorr 50 

Treatment time / min 30 

Substrate temperature / ℃ 200 ~ 500 
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Figure 5-1. The XRD diffraction patterns of carburized samples as a 

function of process temperature   
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Figure 5-2. Carbon concentration calculated by Picards’ equation as a 

function of temperature 
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2.1.2. Morphology 

Fig. 5-3 (a) shows the results for carburized layer thickness with 

process temperature. The thickness of the carburized layer was 

measured by cross-sectional FESEM after polishing the using 1 micro 

diamond slurry and etching it with Marble`s reagent. As the process 

temperature increased, the thickness of the carbon layers also increased 

because the carbon atom shows diffusion controlled behavior in stainless 

steel. The thicknesses of the carburized layers were 0.62, 2.44, 9.3, and 

12 µm at 200, 300, 400, and 500 ℃. Fig. 5-3 (b) shows results for the 

Arrhenius plot of the carburized layer thickness with process 

temperature. The plot is linear at low temperatures, suggesting that 

atomic diffusion only occurred without precipitation, whereas where the 

diffusion depth is smaller at higher temperatures a different reaction is 

confirmed to take place. These results agree with the XRD results. 
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Figure 5-3. The results for (a) carburized layer thickness with process 

temperature and (b) Arrhenius plot of the carburized layer thickness 

with process temperature  



99 

2.1.3. PEMFC property 

2.1.3.1. ICR 

The ICR values of carburized samples with compaction pressure at 50, 

100, and 150N/cm2 are shown in Fig. 5-4. The ICR values of all 

carburized samples decreased significantly from 130mΩcm2 to about 20 

mΩcm2 when compared to untreated stainless steel. The ICR value of 20 

mΩcm2 is suitable for a bipolar plate for a PEMFC, and is an appropriate 

USDOE target value (<20 mΩcm2). The atomic concentrations of 

carburized samples determined by AES are shown in Fig. 5-5. The 

untreated AISI 316L substrate showed an oxygen concentration of about 

52%, indicating that a thick layer of oxygen is formed on the surface of 

the stainless steel substrate. In general, a natural oxide layer, such as 

Fe2-3O4, exists on a stainless steel surface so that its ICR values are 

typically around 130mΩcm2. However, when the surface is treated with 

the carburizing process, carbon atoms not only diffuse into the substrate 

lattice but also form bonds on the surface, which removes possible sites 

for oxygen bonding. After the carburizing process, the oxygen 

concentration drops to below 15%, which leads to a significant decrease 

in the ICR value to about 19mΩcm2. The relationship between surface 
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oxygen concentration and ICR values is represented in Fig. 5-6. 

  



101 

 

 

 

 

 

Figure 5-4 ICRs of the carburized samples as a function of the 

compaction pressure  
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Figure 5-5. AES depth profiles of carburized samples treated at (a) 200, 

(b) 300, (c) 400, and (d) 500 ℃ 
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Figure 5-6 ICRs and surface oxide concentration of the carburized 

samples as a function of the carburizing temperature at 150N/cm2 
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3.1.3.2. Corrosion property 

The corrosion properties of the carburized samples were evaluated by 

obtaining the potentio-dynamic polarization curves shown in Fig. 5-7. 

The fuel cell environment was simulated by conducting the corrosion test 

in a solution of 0.1N H2SO4 + 2ppm HF maintained at 80°C with air 

bubbling. Compared to the corrosion potential of the untreated AISI 316L, 

which was around -0.4V, the corrosion potentials of all carburized 

samples were above 0V. The corrosion current density of the AISI 316L 

was 10µAcm-2 at 0.6V, which is the operating voltage of an actual fuel 

cell. The carburized samples processed at 200°C had a current density 

that decreased to about half (6 µAcm-2), showing that the corrosion 

properties improved when the process was conducted at low 

temperatures. On the other hand, when the process temperature was 

increased to 400 °C, the current density value was higher than that of 

the untreated substrate. This can be a result of Cr depletion regions. 

Stainless steel shows good corrosion properties because of the Cr 

content in the material. When the substrate temperature is increased, the 

Cr, which was distributed uniformly in the substrate, forms compounds 

and creates depletion regions, resulting in a higher corrosion current 
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density. Fig. 5-8 compares the AES depth profiles of the as-carburized 

samples before and after the corrosion test. The carburization process 

was conducted at 200 and 500℃.  

The presence of Cr results in the formation of a thin, chemically stable, 

and passive oxide film on the surface of the stainless steels [16]. The 

sample carburized at 200 °C showed no composition change after the 

corrosion test. The surface oxygen composition increased due to the 

formation of a passive oxide film. The structure of the passive film on 

stainless steels is Cr oxides, which prevent the general corrosion of 

stainless steels. Therefore, corrosion resistance is improved by the 

carburizing process at low temperature. However, in the sample 

carburized at 500 ℃, the surface oxides penetrated to the inside and 

intergranular corrosion occurred on the surface, which led to an 

increased corrosion current density. This indicated an insufficient 

formation of a dense passive oxide film because Cr depletion regions 

formed at high temperature.  

The dissolution of metallic ions after a potentio-static test at 0.6V in 

0.1N H2SO4 + 2ppm HF solution for 10000 sec was evaluated by ICPMS 

analysis. The chemical analysis results for untreated and carburized 
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sample are shown in Fig. 5-9. Generally, Fe and Cr dissolve in the same 

proportion in active corrosion regions. In the passive region (at 0.6V), 

the Fe dissolution rate was increased because Cr dissolution was 

reduced by the formation of a passive film [118]. Therefore, the amount 

of Fe dissolution is significantly greater than the amount of other 

elements after the potentio-static test in both untreated stainless steel 

and carburized samples. The untreated stainless steel has a high 

concentration of Fe in solution, whereas the carburizing process reduces 

the concentration of Fe. The metal concentrations for untreated stainless 

steel were Fe 0.169 mg/L, Ni 0.006 mg/L, and Cr 0.002 mg/L, while the 

metal concentrations of the sample carburized at 200 ℃ were Fe 

0.084mg/L, Ni 0.002, and Cr 0.002 mg/L. The value of Fe dissolution in 

the carburized sample was more than two-fold lower than the value for 

the untreated stainless steel. The ICPMS results show that a surface of 

carbon can delay Fe ion release from stainless steel. These data also 

confirm that the current density of a carburized sample is decreased by 

carburizing, which indicates that plasma carburizing improves the 

corrosion property of stainless steel. 

Fig. 5-10 shows the XPS spectra of the Cr2p peak obtained from the 

surface of (a) untreated stainless steel and (b) a carburized sample at 
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200 ℃ after the potentio-static test. During this test, a passive film 

formed on stainless steel, as shown in Fig. 5-10(a), which reveals the 

presence of Cr at a binding energy 573.7 eV and Cr2O3 at a binding 

energy 575.7 eV. A passive layer is also seen in the carburized sample, 

composed of Cr and Cr2O3 at a binding energy 574 eV and 576 eV, 

respectively. Typically, the corrosion resistance is improved by 

formation of Cr2O3 in a corrosive environment [118]. The amount of Cr 

and Cr2O3 in the passive layer is shown in Fig. 5-10 (c) with the XPS 

peak areas. The passive layer of the carburized sample has more Cr2O3 

than the untreated stainless steel does. This indicates that the corrosion 

resistance in a PEMFC operation environment is improved by the 

carburizing process. 
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Figure 5-7. Potentio-dynamic polarization curves of the carburied 

samples for diffrent nitriding temperature 
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Figure 5-8. AES depth profiles of as-carburized samples before and 

after a corrosion test. (a) and (b) are carburized at 200 ℃; (c) and (d) 

are carburized at 500 ℃도; (b) and (d) are AES depth profiles after 

corrosion test. 
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Figure 5-9. ICPMS results of stainless steel and carburized samples 

after potentiostatic test for 10000sec 
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Figure 5-10. XPS spectra Cr2p of (a) untreated stainless steel and (b) a 

carburized sample at 200 ℃ after the potentio-static test, and (c) peak 

area of Cr and Cr2O3  
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2.2. Effect of carburizing gas ratio 

2.2.1. Structure & morphology 

Typically, carbon particles were deposited on the substrate during the 

carburizing process. The effect of carbon particle deposition on the 

substrate was studied by conducting the carburizing process using 

different gas mixtures, which affects the density of plasma, and different 

types of hydrocarbon ions. The process temperature was maintained 

300 ℃ because the corrosion resistance decreased above 300 ℃ and at 

low temperature, carbon particle deposition was insufficient. The process 

conditions are listed in table 5-2. 

Fig. 5-11. (a) shows the XRD patterns of carburized samples and an 

untreated stainless steel sample. The γ(111), γ(200), and γ(220) 

peaks shifted to smaller angles, indicating that lattice expansion after 

carburizing. These peaks are the S-phase, which is the carbon diffusion 

layer. As methane partial pressure increases, the shift in the S-phase 

peak is decreased. No distinct crystalline peaks characteristic of Cr or Fe 

compounds were observed except in the S-phase.  

Fig. 5-11. (b) shows the lattice parameters calculated from the XRD 
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data. The spacing between the planes in the atomic lattice was calculated 

from the diffracting angle, and then the lattice parameter was obtained by 

assuming a cubic structure. The lattice expansion values of the 

carburized sample in 25% methane, 75% Ar are about 0.37 nm, compared 

to the austenite lattice value of 0.36nm. The carbon diffusion causes a 

lattice expansion of about 0.27%. The lattice parameter decreased to 

0.364 nm at 100% CH4 with the methane partial pressure increase.  

The carbon concentration of carburized samples is represented in Fig. 

5-12 using picards’ equation. The carbon concentration was 13.6, 12.3, 

11.6, and 5.8 at% at methane partial pressures of 25, 50, 75, and 100%, 

respectively. Typically, the amount of carbon in austenite is about 12at% 

(2.2 wt%), which is called the supersaturation carburizing layer. The 

carbon supersaturation layer could be formed by ICP carburizing for a 

short process time (<30min).  

During plasma carburizing process, negative DC bias was applied to the 

sample. Therefore, investigation about hydrocarbon ions impinging to the 

substrate is important during carburizing process. The densities of 

abundant ions in the methane/Argon plasmas were shown in Fig. 5-13. 

The densities of CH4, CH3, CH2 ions were increased with increasing flow 
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rate of argon and decreasing flow rate of methane. As the flow rate of 

methane was increased, dissociation reactions of methane that dissipates 

electron energy were also increased. Thus the electron temperature may 

be decreased with increasing the flow rate of methane. The reactions 

that generate CH4, CH3, CH2 ions have threshold temperature of electron. 

In high electron temperature condition, the reaction rates of ionization 

increase exponentially. As a result, high argon flow ratio and low 

methane flow ratio may produce more CH4, CH3, CH2 ions. Therefore, the 

carbon concentration of carburized samples increased at low methane 

flow ratio. 
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Table 5-2. ICP carburizing process parameters for temperature effect 

ICP carburizing process 

ICP power / W 400 

Substrate bias / V -100 

CH4 flow rate / sccm 2~20 

Ar flow rate / sccm 18~0 

Pressure / mTorr 50 

Treatment time / min 30 

Substrate temperature / ℃ 300 
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Figure 5-11. (a) The XRD diffraction patterns and (b) lattice parameters 

of carburized samples as a function of CH4 flow ratio 
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Figure 5-12. Carbon concentration calculated by Picards’ equation as a 

function of CH4 flow ratio 
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Figure 5-13. The densities of abundant ions in plasma as a function of 

CH4 flow ratio. (Seokjin Ko, for degree of master) 
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2.2.2. PEMFC property 

The ICR values of the samples carburized with CH4 partial pressure as 

a function of compaction pressures are shown in Fig 5-14 (a). The ICR 

values of the carburized samples are much lower than the value for 

stainless steel. The ICR values at a compaction pressure of 150 N/cm2 

are 8.5, 9.2, 9.6, and 11.2 mΩcm2 at CH4 partial pressures of 25, 50, 75, 

and 100 %. These ICR values satisfy the target value specified by DOE 

2015, which could not be obtained by other researchers who used a 

carburizing process. As the CH4 partial pressure increases, the ICR 

values are also increased. As shown in Fig. 5-11 and Fig. 5-12, a dense 

carbon supersaturation layer forms with a high carbon content. The 

carbon concentration of the S-phase decreases as the CH4 partial 

pressure increases, which indicates that the carbon concentration of the 

substrate improves the electrical conductivity.  

Fig. 5-14 (b) shows polarization curves for the carburized samples 

and untreated stainless steel. The corrosion potential increased 

from -0.4 V to 0.1 V (vs. SCE). A shift in the corrosion potential in the 

positive direction indicates an improved corrosion resistance, due to the 

effect of carbon particles on the substrate. The current densities at 0.6 V 
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(vs. SCE) were below 6.3 μA/cm2 after the carburizing process at a CH4 

partial pressure of 100%. However, the current densities increased as 

the CH4 partial pressure decreased; in other words, the carbon 

concentration increased. Carbon particles formed on the substrate 

surface after the carburizing process, and the amount of carbon particle 

deposition increased at low CH4 partial pressure due to the increase in 

hydrocarbon ion densities. The increase in hydrocarbon ions in the 

plasma raised the probability of carbon adsorption onto the substrate, 

which led to deposition of carbon particles. The observed increase in 

current density with the increase in carbon particles was attributed to an 

increase in the reaction area between the carburized samples and the 

corrosion solution. 
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Figure 5-14 The PEMFC property of carburized samples as a function of 

CH4 flow ratio ; (a) ICRs and (b) potentio-dynamic curves 
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2.2.3. Post-treatment by Ar plasma 

2.2.3.1. Experimental 

The effect of carbon particles on corrosion resistance was examined 

by removing carbon particles using an Ar plasma etching process. Only 

Ar gas was used in order not to disturb any chemical reaction with the 

substrate during the etching process. The pressure was maintained at 

10mTorr for effective physical etching, because high ion energy and high 

ion density could be obtained at low pressures. 

 

3.2.3.2. Morphology 

Fig. 5-15 shows the FESEM image and AES depth profile before (a), 

(b) and after (c), (d) Ar plasma etching. The carbon particles were 

effectively removed from the surface of the carburized sample. The 

concentration of carbon at the surface of the carburized sample was 55 

at%, which was higher than inside the substrate because of the presence 

of surface carbon particles. After the Ar etching process, the carbon 

concentration was reduced from 55 at% to 13 at%. 
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Fig. 5-16 shows Raman spectra for the sample carburized at 25% CH4 

partial pressure before and after the Ar etching process. The Raman 

spectra of carbon films are mainly used to identify the carbon bonding 

types of the structure [119]. The Raman spectra of the as-carburized 

sample display at G (1596 cm-1) and D (1352 cm-1) bands, which 

indicate sp2 graphite and disordered carbon, respectively [120]. This 

result signifies that the carbon particles deposited during carburizing are 

amorphous carbon containing sp2 and sp3 bonds with hydrogen. These 

carbon particles also do not adversely affect the electrical properties 

because they have a graphite structure with extensive sp2 bonds. These 

D and G peaks associated with the carbon particles were not be observed 

after the Ar plasma etching process, indicating that the etching process 

effectively removed the surface carbon particles. 

 

3.2.3.3. Corrosion property 

It is commonly known that better corrosion properties are monitored 

when the corrosion potentials are observed further in the positive 

direction. At the cathodic corrosion region, where the voltages are lower 

than the corrosion potential, corrosion activity does not occur much on 
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the substrate. On the other hand, the voltage range above the corrosion 

potential is called the anodic corrosion region, and high rates of ionization 

occur on the substrate metal. After the carburization process, the carbon 

particles on the substrate surface were removed by Ar plasma etching. 

The polarization curve of this sample is compared with that of untreated 

stainless steel in Fig. 5-18. The corrosion potential of stainless steel is 

about -0.4 V. After the carburization process, the corrosion potential 

increases to about 0.1 V. When the surface carbon particles are removed 

by plasma etching, the corrosion potential of the carburized stainless 

steel drops to about -0.1 V. This result indicates that the corrosion 

potential had been increased by the surface carbon particles. Since 

carbon behaves nobler than the Fe or Cr in the stainless steel, its 

presence on the surface leads to an enhancement in stainless steel 

corrosion property. It should be noted that the current density at 0.6 V 

did not change after removing the carbon particles. From this experiment, 

it can be concluded that surface carbon particles do not affect the general 

corrosion performance of the stainless steel substrate.  
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Figure 5-16. (a) FESEM and (b) AES depth profile of as-carburized 

sample. (c) FESEM and (d) AES depth profile of carburized sample after 

etching.  
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Figure 5-17. Laman spectra of (a) as - carburized sample and (b) after 

Ar plasma etching  
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Figure 5-18. Protentio-dynamic polarization curves of untreated 

stainless steel, carburizing sample, and Ar plasma etching at (a) 25% 

CH4, (b) 50% CH4, and (c) 75% CH4
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V. Conclusion 

In this study, nitriding and carburizing treatment was conducted on 

AISI 316L stainless steel substrates by inductively coupled plasma. The 

treated samples were investigated while focusing on the interface contact 

resistance and corrosion resistance under PEMFC operating condition, in 

order to applications to bipolar plate. AISI 316L austenitic stainless steel 

was nitrided by inductively coupled plasma using a gas mixture N2 and H2. 

A nitrogen-expanded austenite phase, also known as the S-phase, was 

formed at the surfaces of the nitrided samples. When S-phase was 

formed sufficiently (>30 min, above 320 ℃), the ICR values were 

decreased significantly. Also, the ICR values were reduced when the 

oxide formation was suppressed after nitriding. Therefore, by plasma 

nitriding, the electrical property was improved due to the formation of 

the S-phase and the reduction of surface oxide, which are carefully 

considered when evaluating ICR performance. The corrosion resistance 

was similar to that of stainless steel when the nitriding temperature was 

below 320 ℃. Due to the lower process temperature, Cr depletion region 

are not formed in the substrate. The samples nitrided at 320 ℃ showed 

especially good electrical and electro-chemical properties. This enables 
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AISI 316L to be applied as a PEMFC bipolar plate. The ICR value was 13 

mΩcm2 at 150 Ncm-2 and the corrosion potential and current density 

were 0.085 V (vs. SCE) and < 4.3× 10–6 Acm–2 (at 0.6 V), respectively. 

Under high-density plasma, the process temperature could be reduced 

such that Cr depletion was not significant while the dense S-phase 

formed.  

The carburizing treatment was conducted on AISI 316L stainless steel 

substrates by inductively coupled plasma while varying the process 

temperature. To evaluate the suitability for PEMFC bipolar plate, the 

carburized samples were analyzed for their ICR and corrosion properties. 

By implementing ICP to generate high density plasma, an S phase, which 

is an austenite with carbon super saturation, was formed at low process 

temperature. As the thickness of the S phase increased with increasing 

process temperature, it was confirmed that the carburizing process was 

diffusion controlled. However, at high temperatures above 500C, the 

typical carbon diffusion was not observed due to the formation of 

compounds in the substrate material. The ICR and corrosion properties 

were improved by the carburizing process. Especially, the samples 

conducted at 200C exhibited much improved ICR and corrosion current 

density values. After the treatment, the ICR value and the current 



130 

density values decreased from 130 to 20 mΩcm2 and 10 to 6 μA/cm2, 

respectively. When conducting the plasma treatment process on stainless 

steel, carbon particles were formed on the substrate surface. To identify 

the effects of the carbon particles, corrosion test was performed after 

removing the carbon particles by plasma etching. Corrosion potential was 

reduce to a lower value when the carbon particles were removed from 

the substrate surface. ICP assisted plasma nitriding and carburizing of 

stainless steel appear good property for PEMFC bipolar plate with simple 

method and short treatment time. By applying ICP to the nitriding and 

carburizing process, a low temperature and time-effective technique was 

developed to produce BPP which exhibit suitable properties for PEMFC.   
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국문초록 

고분자 전해질 연료전지(PEMFC)는 수소와 산소를 이용하여 화학적인 에

너지를 전기적인 에너지로 변환시키는 전기화학장치로 다른 연료전지에 비해 

높은 전력밀도, 빠른 응답속도를 가지고 있고, 상대적으로 낮은 온도에서 동

작하므로 최근 자동차용으로 많은 연구 개발이 진행되고 있다. 연료전지가 동

작하기 위해서는 고분자 전해질, 가스 확산층, MEA(Membrane Electrode 

Assembly), 분리판 등으로 이루어진 단위 전지를 적층하여 스택을 만들어야 

한다. 그 중 분리판은 스택 전체의 무게와 가격에서 차지하는 비율이 높으므

로 상용화 하는데 가장 중요한 요소로 볼 수 있다. 연료전지 분리판이 가져야

할 특성으로는 화학결합에 의해 생성된 전자를 옮기는 통로이므로 높은 전기

전도도를 가져야 하고, 연료전지 동작 중에 생성되는 SO4
2−, F− 등과 같은 물

질에 의해 전기전도도가 떨어지면 안되므로 우수한 내식성이 요구된다. 본 연

구에서는 연료전지 분리판에 적용하기 위하여 스테인리스 강(AISI 316L)을 

유도결합 플라즈마를 이용하여 낮은 온도에서 질화 및 침탄 처리하였다. AISI 

316L 스테인리스 강은 높은 전기전도도를 가지므로 분리판에 적용할 수 없기 

때문에 플라즈마 표면처리를 통하여 스테인리스 강의 전기적 특성을 향상 시

키고, 내부식성을 향상시키는 연구를 진행하였다.  

실험 장치는 내부삽입형 유도결합 플라즈마 장치로써 13.56MHz의 RF 전

원과 RF 매칭을 위해 Pi형 매칭박스를 사용하였다. 내부 삽입형 유도결합 플
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라즈마 장치를 사용하면 안테나에 높은 전압이 발생하여 스퍼터링 현상이 생

기는데, 이를 방지하기 위해 스테인리스 스틸 재질의 안테나를 사용하여 시편

의 오염을 방지하였다. 면간 접촉저항 측정은 D. P. Davies에 의해 고안된 것

으로 표면처리된 시편의 양쪽 면에 기체확산층(GDL)으로 사용되는 탄소지

(SGL 10BB)를 넣고, 스택의 일반적인 체결압력인 150 N/cm2까지 양쪽 면

에서 금으로 코팅된 구리판으로 압력을 가하면서 저항의 변화를 측정하였다. 

연료전지 분리판의 내식성은 스택 내부와 유사하게 만들어 공기를 불어넣으며 

80°C의 0.1N H2SO4+ 2 ppm HF의 용액에서 동전위 분극실험으로 평가하

였다.  

유도결합 플라즈마 질화처리는 질소의 확산에 의해 표면의 질소 농도 및 특

성이 변하므로 온도가 주요한 변수이고, 플라즈마를 이용하므로 플라즈마 밀

도에 밀접한 압력 등을 변수로 실험하였다. 유도결합 플라즈마를 이용한 질화

처리에서 질소의 확산은 온도와 시간에만 의존하는 거동을 따르지 않고, 농도 

의존적인 확산 계수를 이용하였을 때 실험값과 일치하였다. 이는 질소가 침입

함에 따라 격자가 팽창하게 되고, 질소의 농도가 증가할수록 격자의 팽창은 

커지게 되고 그에 따라서 확산 계수가 커진다는 가정을 따른 것이다. 또한 유

도결합 플라즈마를 이용하였을 경우에는 기존의 플라즈마 질화처리에 비해 빠

른 속도로 질소가 확산하게 되는데, 이는 플라즈마에서 생성된 이온들의 충돌

에 의해 표면의 온도가 상승하게 되는 것, 높은 밀도의 플라즈마에 의해서 표

면에서의 확산 가능한 이온 종들의 증가로 설명 할 수 있다. 면간접촉저항은 
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표면의 거칠기, 표면의 전기전도도와 관련이 있는데, 질화처리 이후에 표면의 

거칠기는 큰 변화가 없으므로 표면에 생성된 상의 전기전도도와 관련이 있다. 

AISI 316L을 질화처리 한 경우에 표면에 질소가 침입하여 격자가 팽창된 오

스테나이트 구조를 갖는 S 상이 생성된다. S 상이 생성된 경우에는 면간 접촉 

저항이 130 mΩcm2 (AISI 316L) 에서 10mΩcm2 이하로 감소하였다. 또한, 

표면에서 질소의 결합은 자연산화막이 생성되는 것을 억제하여 낮은 접촉 저

항으로 이어지는 것을 밝혔다. 내식성의 경우에 일반적으로 높은 온도에서 질

화처리를 할 경우에 스테인리스 강 내부에 존재하는 크롬이 크롬 탄화물 및 

질화물을 생성하게 된다. 그러므로 크롬의 공핍영역이 생성되고 그에 따라 내

식성이 떨어지게 된다. 유도결합 플라즈마를 이용하면 낮은 온도 (< 320도)

에서도 빠른 속도로 S 상을 생성할 수 있으므로 내식성이 떨어지는 것을 막

을 수 있었다. 

유도결합 플라즈마를 이용한 침탄화 처리는 아르곤 가스와 메탄 가스를 이

용하였다. 탄소는 질소보다 같은 온도에서 빠르게 확산하므로 낮은 온도인 

200도에서도 충분히 침탄이 진행되었다. 침탄화 처리한 경우에 표면에서 탄

화물이 생성되어 산소의 결합을 막아주어 10mΩcm2의 낮은 접촉저항 값을 

가졌다. 스테인리스 강 내부에 침입한 탄소는 부식이 일어나는 환경에서 철의 

이온화를 방해하여 내식성도 기존의 스테인리스 강에 비해 2배 정도 향상되

었다. 아르곤과 메탄 가스의 비율을 변화시켜 플라즈마의 밀도를 측정하였고, 

그에 따른 기판의 온도를 정확히 측정하였다. 아르곤에 비해 메탄의 양이 25% 
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이상이 될 경우에는 오히려 플라즈마 밀도가 떨어져 CHx 이온 들이 감소하여 

침탄 두께에 영향을 미쳤다. 표면에서 결합해 있는 탄소는 부식전위를 높여 

주는 역할을 한다는 것을 아르곤 플라즈마 에칭을 통하여 밝혀냈다.  

 

 

주요어 : 고분자 전해질 연료전지, 유도결합 플라즈마, 분리판, 면간접촉저

항, 플라즈마 질화처리, 플라즈마 침탄화처리 
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