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a  b  s  t  r  a  c  t

A  niobium  nitride  diffusion  coating  has  been  prepared  by plasma  surface  diffusion  alloying  method  on
the  surface  of  AISI  304 stainless  steel  (304  SS)  which  is applied  to bipolar  plates  for  proton  exchange
membrane  fuel  cell  (PEMFC).  The  as-prepared  niobium  nitride  diffusion  coating  consists  of  a  niobium
nitride  surface  layer  (8–9  �m)  and  a Nb and  N diffusion  solid  solution  subsurface  layer  (1–2  �m). The
corrosion  resistance  of  the  niobium  nitride  modified  304  SS  are  investigated  and  evaluated  in simulated
PEFMC  operating  conditions  (0.05  M H2SO4 +  2  ppm  F− solution  at 70 ◦C). Results  show  that  the  niobium
nitride  diffusion  coating  greatly  improves  the  corrosion  resistance  of  304  SS.  Self-corrosion  potentials
ipolar plates
iobium nitride

nterfacial contact resistance
04 Stainless Steel

of  niobium  nitride  modified  304  SS  increase  considerably  up  to 100  mV  and  143  mV  (vs. SCE)  while
corrosion  current  densities  remain  low  at 0.127  �A cm−2 and 0.071  �A cm−2 in simulated  anodic  and
cathodic  environment,  respectively.  Interfacial  contact  resistance  (ICR)  of  niobium  nitride  modified  304
SS is 9.26  m�  cm2 under  140  N cm−2 compaction  force,  which  is  much  lower  than  that  of  untreated  304
SS,  100.98  m�  cm2.  After  4 h  potentiostatic  polarization  test,  the  niobium  nitride  modified  304  SS  exhibits
sufficiently  low  ICR  values  <20 m�  cm2.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Proton exchange membrane fuel cell (PEMFC) is expected to
ecome a major power source for electrical vehicle and portable
pplications, due to the following merits: high efficiency, faster
tartups at room temperature, operating at low temperature
<100 ◦C), environment friendliness, noiselessness, etc. [1–5]. How-
ver, the cost of PEMFC is a significant factor in commercial
pplications. Among PEMFC components, bipolar plates, a very
mportant multi-functional component, account for the dominant
hare of the total stack weight and cost [6]. Therefore, bipolar plate
s currently one of the main challenges for PEMFC’s commercializa-
ion. A bipolar plate is used to electrically connect the anode of one
ingle cell to the cathode of adjacent single cell, provide flow fields
f reactive gases (hydrogen and oxygen) as well as facilitate water
anagement within the cell in PEMFC stack. Hence, excellent elec-

rochemical corrosion resistance (U.S. Department of Energy target
or corrosion rate <1 �A cm−2) and high electrical conductivity (U.S.

epartment of Energy target for interfacial contact resistance ICR
20 m� cm2 at the compaction force of 140 N cm−2) [7,8] are the
oremost prerequisites for the bipolar plate materials used in the

∗ Corresponding author. Tel.: +86 411 84727959; fax: +86 411 84727959.
E-mail address: sunjc@dlmu.edu.cn (J. Sun).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.034
PEMFC operating environments with ions F−, SO4
2−, SO3

2−, HSO4
−,

HSO3
−, CO3

2−, HCO3
−, etc. [9–11].

A variety of materials have been chosen and evaluated to serve
as PEMFC bipolar plates. Non-porous graphite is the early choice
for the bipolar plates for its high conductivity and corrosion resis-
tance. However, graphite’s high cost and poor machining property
with brittleness are the fatal disadvantages impeding its commer-
cialization. Stainless steels (SS) have been drawn much attention
owing to their low prices, good physical and mechanical properties,
easy stamping manufacture and thin plate use [12–14].  Nonethe-
less, the operating conditions of PEMFC are so severe that bare
stainless steels cannot be successfully applied into a commercial
PEMFC in terms of corrosion resistance and interfacial contact
resistance. A lots of surface treatment techniques and methods
on stainless steels, including physical vapor deposition (PVD),
chemical vapor deposition (CVD), pack cementation, plasma spray,
electroplating, electroless plating, sputter deposition, sol–gel dip
coating, plasma nitriding and so on [15–20],  have been extensively
performed to improve their corrosion resistance and electrical
conductivity.

Transition metals and their nitrides usually have many attrac-

tive characteristics such as high electrical conductivity, good
mechanical properties as well as corrosion resistance to chemi-
cal attack [21–24].  Multi-arc ion plating TiN was  performed on the
surface of 316L by Tian et al. [25]. The TiN coated 316L exhibits

dx.doi.org/10.1016/j.jpowsour.2011.10.034
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sunjc@dlmu.edu.cn
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1 wer S

i
t
I
t
[
o
i
n
s
a
r
t
r
a
[
i
l
s
a
3
d
A
t
p
2
n
h
d
n
C
s
n
p
C
t
d
a
b
i
s
i
s
f
4
o
s
s
i
d

c
b
fi
u
p
r
a
m
n
a
p
s
l
c
r
P

96 L. Wang et al. / Journal of Po

mproved corrosion resistance and promising ICR, but in that work,
he long-term stability of TiN coating had not been mentioned.
n general, the TiN coating prepared by physical vapor deposi-
ion (PVD) methods has inherent pinhole or micro-pore defects
26–28], which have influence on the stability of passive region
n polarization curves and degrade the durability of coating layer
n corrosion environments. Sun’s group [14,20] suggested a plasma
itriding method to form dense surface layer of nitrogen super-
aturated austenite (�N) phase on austenite stainless steels, such
s AISI 316L and 304L. The �N phase provides better corrosion
esistance and lower ICR than untreated stainless steels. After elec-
rochemical polarization, the ICRs of plasma nitrided 316L are in the
ange of 100–300 m�  cm2 at the compaction force of 150 N cm−2

nd seem to be unacceptable for the bipolar plate use. Brady et al.
29] reported that the corrosion resistance of Ni–50Cr alloy was
mproved by thermal (gas) nitridation at 1100 ◦C, and the ICR was
ow before and after polarization. This Ni–50Cr alloy is too expen-
ive to use, except of special applications. However, a discontinuous
nd porous nitride layer formed on the surface of stainless steel
49TM by thermal nitridation leads to the high passive current
ensity both in anodic and cathodic conditions [30], yet, nitrided
ISI446 shows improved corrosion resistance and lower ICR for

he 2 h nitrided sample with nitrogen modification of the native
assive oxide layer, however, poor corrosion resistance for the
4 h nitrided one with discontinuous inward-growing (Cr, Fe)2N1−x
itride layer [31]. A composite method of electroplating Cr and
eat-diffusion treatment was adopted by Wang et al. [32] and a
ense, continuous high chromium layer with about 10 �m thick-
ess was formed on the surface of AISI 304 SS. Though the high
r layer possesses better corrosion resistance than the untreated
ample, ICR is far from satisfactory and a further modification is
eeded for lowering the ICR. Nam et al. [33] nitrided the electro-
lated Cr on the surface of AISI 316L and obtained a more preferable
r2N film than CrN + Cr2N blended coating through controlling
he nitriding conditions. The Cr2N layer grown by thermal nitri-
ation of the electroplated chromium layer exhibits lowered ICR
nd improved corrosion resistance. However, this Cr2N layer must
e obtained by two separate steps in different facilities, increas-

ng the preparing complexity and cost accordingly. Niobium in
tainless steels is a very important alloying element to upgrade
ntergranular corrosion resistance and stabilization in the case of
ulfuric and hydrochloric acid solutions [34,35].  Weil et al. [36]
abricated a niobium external cladding layer (50 �m thick) on
30 SS sheet by roll cladding method, and the well properties
f niobium, such as high conductivity as well as perfect corro-
ion resistance, had been successfully transplanted to the 430 SS
ubstrate. Nonetheless, the cost of the thick Nb cladding layer
s expensive and the thickness reduction of Nb cladding layer is
ifficult.

Niobium nitrides were initially fabricated as a film for super-
onductor application by various deposition methods, such as ion
eam assisted deposition [22], reactive magnetron sputtering [37],
ltered arc deposition [38], pulsed laser deposition [39] and vac-
um arc deposition [40]. The mechanical and physical–chemical
roperties of niobium nitrides, for instance, wear resistance, crack
esistance, microhardness [41,42], high temperature stability [43]
nd corrosion resistance [44] have been widely investigated for
echanical structure applications. In our present work, niobium

itrides were applied and expected to improve corrosion resistance
nd surface electrical conductivity of the stainless steel bipolar
lates in PEMFC. The niobium nitrides were prepared by plasma
urface diffusion alloying method on the surface of AISI 304 stain-

ess steel (304 SS) and the corrosion resistance and surface electrical
onductivity of the niobium nitride modified 304 SS (hereinafter
eferred as Nb–N 304 SS) were tested and evaluated in simulated
EMFC environments.
ources 199 (2012) 195– 200

2. Experimental

2.1. Specimen preparation

Commercial 304 SS sheets (thickness 1.5 mm)  were cut into
specimens of 10 mm × 10 mm via an Electric Discharge Machining
(EDM). The surface of every specimen was in turn ground with SiC
papers from #360 up to #1500 grit and polished mechanically with
diamond paste and then degreased with acetone in an ultrasonic
cleaner and lastly dried at room temperature.

The niobium nitride diffusion coating was  formed on the surface
of 304 SS in the following consecutive two steps in a double glow
plasma alloying furnace, which has three electrodes: an anode, a
negative cathode (specimens) and a sputtering source cathode (Nb
sinter plate). In step 1: the specimens were firstly heated at 1173 K
by work power supply and particle bombardment in the chamber
filled with pure Ar to clean the specimen surface at the pressure of
40 Pa and bias voltage of −1 kV. By keeping specimens at 1173 K,
then, the source electrode power supply was  loaded and kept at
−800 to −900 V, meanwhile the bias voltage of specimens was
decreased to −530 to −580 V, which can allow more alloy sput-
tering elements to move from the source electrode into the surface
of specimens. Specimens were treated at 1173 K for 2 h as a niobium
diffusion process at high temperatures. And in the consequent step
2, proportional Ar and nitrogen (N2) mixed gases (Ar:N2 = 10:1–8:1)
were introduced to produce a niobium nitride modified layer at
1173 K for another 2 h, meanwhile all the other processing param-
eters were kept the same as step 1’s. After plasma surface niobium
nitride diffusion alloying processing, scanning electron microscopy
(SEM) in combination with energy-dispersive X-ray Spectrometer
(EDS) as well as X-ray diffraction (XRD) was  used to observe and
analyze the surface modified layer of specimens.

2.2. Electrochemical measurements

Potentiodynamic and potentiostatic tests were performed to
measure the corrosion resistance of the bare and modified spec-
imens, respectively. A sulfuric acid solution (0.05 M H2SO4 + 2 ppm
F− solution) at 70 ◦C [9–11] was used as an electrolyte in order
to simulate the aggressive PEMFC environment. Prior to each test,
specimens were cleaned with ethanol then embedded in corro-
sion test cells. The corrosion test cell is constructed with PTFE
material to fix and seal specimen as well as ensure only one
side of the specimen contacting with the test solution for electro-
chemical measurements. The electrochemical measurements were
conducted in a CHI660C electrochemical workstation controlled
by a computer. A conventional three-electrode system was  used
for the electrochemical measurements, with a platinum sheet as
the counter electrode and a saturated calomel electrode (SCE) con-
nected to a Luggin capillary as the reference electrode. All the
potentials reported are relative to SCE unless noted. The temper-
ature of the corrosion test was maintained by an isothermal bath
during electrochemical tests.

The potentiodynamic tests were carried out to investigate gen-
eral polarization behavior of these specimens. Before corrosion
tests, all the specimens were stabilized at open circuit potential
for 30 min, and then started the potential sweep from a specific
voltage, below 0.2 V of the open circuit voltage, at a scanning rate
of 1 mV  s−1. In actual PEMFC working conditions, the operating
voltage of single-cell is chosen as 0.7 V and the anode potential
is corresponded to −0.1 VSCE while the cathode potential is corre-
sponded to 0.6 VSCE [45]. Therefore, when potentiostatic tests were

performed in simulated anodic environment, the applied potential
was −0.1 V (vs. SCE) with H2 purging and in simulated cathodic
environment, the applied potential was 0.6 V (vs. SCE) with air
purging.
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Fig. 1. X-ray diffraction pattern of niobium nitride diffusion coating.

.3. Interfacial contact resistance (ICR)

The method described in Ref. [46] was applied to measure
CR under different compaction forces. The specimen was  sand-

iched between two carbon papers (Toray, Inc.) and the carbon
aper/specimen/carbon paper sandwich was further put into two
opper plates for force loading. In order to reduce the thermal effect
f the current, a constant current (100 mA)  provided by an YJ-10A
ype galvanostat was used via two copper plates. Steadily increased
ompaction forces were obtained through screwing a screw nut and

 lead screw whose records were kept by a MCK-C compaction sen-
or, a special force gauge. Meanwhile the variable potentials were
ecorded by a Solartron 7081 digital voltmeter (precision 10−8 V).

. Results and discussion

.1. Characteristics of the niobium nitride diffusion layer

The X-ray diffraction (XRD) was carried out to identify the crys-
al structure of the niobium nitride diffusion coating and the XRD

pectra are shown in Fig. 1. According to the Joint Committee on
owder Diffraction Standards (JCPDS) cards, the niobium nitrides of
exagonal �-Nb2N (space group P63/mmc,  prototype Fe2N), hexag-
nal �′-NbN (space group P63/mmc,  prototype NiAs) and cubic

Fig. 2. (a) SEM micrographs of cross-section for Nb–N 304 SS. (b) E
ources 199 (2012) 195– 200 197

�-NbN (space group Fm-3m, prototype, NaCl) phases are identified
in the XRD pattern. It is assumed, from these results, that the nio-
bium nitride diffusion coating has multi-phases of �-Nb2N, �′-NbN
and �-NbN.

From the cross-sectional view of the niobium nitride modified
304 SS shown in Fig. 2(a), it is apparent that the niobium nitride
diffusion coating is uniform in thickness (about 10 �m),  dense in
microstructures without pinhole, micropore and microcracks, and
well in metallurgical adhesion to the 304 SS substrate with no inter-
facial defects. Fig. 2(b) shows the elemental linear scanning pattern
of niobium, nitrogen, iron, chromium and nickel across the niobium
nitride diffusion coating. It can be seen that there exists a niobium
nitride surface layer with thickness of ∼9 �m as well as an Nb and N
diffusion solid solution subsurface layer (about 1 �m in thickness)
on the modified surface of 304 SS. However, as the back scatter-
ing electron micrograph shown in Fig. 2(a) the niobium nitride
diffusion coating seems to be a multilayer structure. According to
the Nb–N binary phase diagram, both Nb2N and NbN phase layers
may appear successively during a reactive diffusion process. In our
results, more than two layers in the coating were formed, imply-
ing the formation process of niobium nitride diffusion coating is
affected by both the diffusion and deposition function simultane-
ously. The study on the structure and composition of the multilayer
film coating and the formation mechanisms are still underway.

3.2. Corrosion resistance

The potentiodynamic curves for untreated and Nb–N 304 SS
are measured in 0.05 M H2SO4 + 2 ppm F− solution at 70 ◦C purged
with H2 to simulate the anodic environment (Fig. 3(a)) or purged
with air to simulate the cathodic environment (Fig. 3(b)), respec-
tively. All the studied specimens show passivation zone. For the
untreated 304 SS, a high peak of active–passive transitions appears
on polarization curves in both anodic and cathodic evironments.
However, the polarization curves of Nb–N 304 SS in both anodic and
cathodic environment almost turn directly into passivation along
with the rising of potential without obviously active–passive tran-
sition, which indicate that the Nb–N 304 SS can be self-passivated.
Meanwhile, the corrosion potential Ecorr of Nb–N 304 SS shifts
markedly to positive direction by contrast to the untreated 304 SS
both in simulated anodic and cathodic environment. In the anodic
environment purged with H2, Ecorr of the untreated 304 SS is close

to −347 mV  while Ecorr of the Nb–N 304 SS is close to 100 mV, and
the same tendency appears in the cathodic environment purged
with air. Ecorr is situated at −319 mV  and 143 mV for the untreated
and Nb–N 304 SS, respectively. The corrosion current density Icorr

lemental EDS analysis for niobium nitride diffusion coating.



198 L. Wang et al. / Journal of Power Sources 199 (2012) 195– 200

F
H

w
s
S
s
o

I
f
f
o
m
a
w
S
d
3
s

T
C

ig. 3. Potentiodynamic polarization curves of untreated and Nb–N 304 SS in 0.05 M
2SO4 + 2 ppm F− solution at 70 ◦C purged with air (a) and H2 (b).

as also obtained by linear-polarization method. The results are
hown in Table 1. It can be clearly seen that the Icorr of Nb–N 304
S decrease obviously in simulated PEMFC environment and corro-
ion rates are more than one order of magnitude lower than those
f the untreated ones.

According to the aforementioned potentiodynamic results, the
corr of the untreated 304 SS are still very high and the passive film
ormed on its surface cannot be competent as the protective layer
or untreated 304 SS in the bipolar plate application, although an
bvious passive region occurs in the simulated PEMFC environ-
ent. Compared to the untreated 304 SS, the Nb–N 304 SS have

 significant decrease in the Icorr in simulated PEMFC environment,
hich demonstrates that the corrosion resistance of the Nb–N 304
S is greatly ameliorated. The improvement is attributed to the
ense niobium nitride diffusion coating formed on the surface of
04 SS, which protects the 304 SS substrate from corrosion of the
ulfuric acid solution in simulated PEMFC environment.

able 1
orrosion current density of untreated and Nb–N 304 SS polarized in simulated PEMFC co

Specimen Purged with H2

Icorr (�A cm−2) Ecorr (mVv

Untreated 304 SS 21.204 −347 

Nb–N  304 SS 0.127 100 
Fig. 4. Current density–time relationship of Nb–N 304 SS in 0.05 M H2SO4 + 2 ppm
F− solution at 70 ◦C purged with H2 (a) and air (b).

The long-term stability of Nb–N 304 SS was  studied by poten-
tiostatic polarization in simulated PEMFC environment for 4 h. As
aforementioned, in actual working conditions of PEMFC, the anode
potential is at −0.1 VSCE while the cathode potential is at 0.6 VSCE.
Therefore, the bipolar plates undergo corrosion at an applied poten-
tial which is different from the free potential corrosion. Fig. 4(a)
and (b) shows the potentiostatic polarization results of the Nb–N
304 SS under applied potential of −0.1 VSCE with H2 purging and
0.6 VSCE with air purging, respectively. From Fig. 4(a), which is in
the simulated anodic environment, we  can see that the current
density of Nb–N 304 SS is negative in the whole test process and
finally stabilizes at −(0.8–4) × 10−7 A cm−2. The negative current
density is attributed to the reduction of H+ ions that changes to
H2 and provides cathodic protection for the Nb–N 304 SS. Addi-
tionally, under the cathodic protection the active dissolution rate
of Nb–N 304 SS is quite low in the simulated anodic environ-

ment. Fig. 4(b) presents potentiostatic testing in simulate cathodic
environment, it can be seen that current density decays rapidly
at the initial stage of potentiostatic polarization and then stabi-
lizes at (2–8) × 10−7 A cm−2 in the following stage. Although the

nditions.

Purged with air

s. SCE) Icorr (�A cm−2) Ecorr (mVvs. SCE)

13.453 −319
0.071 143
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ig. 5. Interfacial contact resistance ICR of untreated 304 SS RC/SS and Nb–N 304 SS
C/Nb with compaction force.

ositive current density obtained from the potentiostatic testing
nder cathodic environment demonstrates a slight corrosion of the
b–N 304 SS undergoing, the quite low stable current density illus-

rates the good corrosion resistance of niobium nitride diffusion
oating possessing. No deterioration is observed during potentio-
tatic testing, as is evidenced by the absence of the obvious current
ensity fluctuation in the polarization curves, suggesting the nio-
ium nitride diffusion coating is quite stable at both the anodic and
athodic working potential of PEMFC.

.3. Interfacial contact resistance (ICR)

The ICR between carbon paper and specimen is expressed
s RC/S. Fig. 5 shows the relationship between ICR of untreated
RC/SS) and Nb–N 304 SS (RC/Nb) and variable compaction force. It
s observed that ICRs reduce rapidly with the compaction forces
ncreased at first, and then become stable gradually when the
ompaction force reaches more than 100 N cm−2. As the effective
ontact area between the carbon paper and the 304 SS gradually
chieves the maximum, the compaction force is no longer the dom-
nant influence on the ICR. In the whole measurement range RC/Nb
s evidently lower than RC/SS at the same compaction force owing
o the higher conductivity of the niobium nitride diffusion coating
repared by plasma surface diffusion alloying method. When the
ompaction force reaches to 140 N cm−2, RC/Nb is 9.26 m� cm2 far
ower than that of the untreated 304 SS (RC/SS 100.98 m� cm2) with
ir-formed oxide film. The air-formed oxide film on stainless steel,
s well known, is generally dominant of prior Cr2O3 forming, which
s a semiconductor oxide to result in the higher ICR than niobium
itride.

When the material is used as bipolar plate of PEMFC, the aggres-
ive acid and specific electrode potential operating condition must
e undertaken and the surface of materials is attacked corro-
ively or passivated. In this circumstance, a passive film will be
xpected to be formed and stabilized on the surface of stainless
teel. Although this passive film prevents the substrate from further
orrosion, it increases surface resistance and accordingly results in
egradation of the PEMFC performance. So it is essential to mea-
ure the relationship between variable compaction force and ICR

f untreated and Nb–N 304 SS after potentiostatic polarization, as
hown in Fig. 6(a) and (b). Both ICRs of untreated and Nb–N 304 SS
ave increased after potentiostatic polarization for 4 h at operation
otential in simulated PEMFC environment. Unlike the significantly
Fig. 6. Interfacial contact resistance ICR of untreated 304 SS RC/SS and Nb–N 304 SS
RC/Nb with compaction force after potentiostatic testing in simulated anodic (a) and
cathodic (b) environment.

increased RC/SS, the magnitudes of the increased RC/Nb are small. At
the compaction of 140 N cm−2, RC/SS is about 170.52 m� cm2 while
RC/Nb is about 18.02 m� cm2 after potentiostatic polarization in
anodic environment; and RC/SS is about 278.25 m� cm2 while RC/Nb
is about 19.14 m� cm2 after potentiostatic polarization in cathodic
environment. Therefore, though the surface resistance ICR of Nb–N
304 SS increases a little, the niobium nitride diffusion coating keeps
stable and lower ICR in simulated PEMFC conditions.

4. Conclusions

Niobium nitride diffusion coating with thickness about 10 �m
is fabricated on the surface of 304 SS through the plasma surface
diffusion alloying method. Microstructure of the coating is a dense
multilayer with uniformed thickness, and well bonding metallurgi-
cally with the substrate. The corrosion resistance and conductivity
of niobium nitride diffusion coating as a protective layer on 304 SS
bipolar plate were evaluated in simulated PEMFC environments.
The Nb–N 304 SS has shown excellent passivated behavior and
considerably improved corrosion resistance in simulated PEMFC
operating condition in comparison with the untreated ones. More-
over, the niobium nitride diffusion coating is very stable during 4 h
potentiostatic test both in simulated anodic and cathodic environ-

ment. Interfacial contact resistance of Nb–N 304 SS is 9.26 m� cm
under 140 N cm−2 compaction force, which is much lower than that
of untreated 304 SS (100.98 m� cm2). After 4 h potentiostatic test,
though the ICRs show a little increase, the Nb–N 304 SS exhibits
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