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a b s t r a c t
The effects of dual Ti and C ion implantation on the corrosion resistance and surface conductivity of 316L
stainless steel (SS) bipolar plates used in polymer electrolyte membrane fuel cells (PEMFC) are investigated.
The ion-implanted SS bipolar plates are assembled into single cells to evaluate the performance and improvement. X-ray photoelectron spectroscopy (XPS) conﬁrms the presence of the implanted layer and
high-resolution transmission electron microscopy (HR-TEM) discloses an amorphous phase together with
an underlying layer with ﬁne grains on the surface of the Ti0.5C0.5 specimen due to ion collision. On the
other hand, the surface microstructure of Ti0.5C2 consists of a precipitated nanophase layer, an amorphous
underlying layer, and a zone with reﬁned grains between the implanted surface and substrate. The interfacial
contact resistance (ICR) of Ti0.5C0.5 is reduced by 6.5 times due to the Ti and C enriched surface and amorphous and ﬁne grain underlayer. Electrochemical characterization and scanning electron microscopy (SEM)
show reduced current density and improved corrosion resistance as a result of implantation of a proper
ion ﬂuence. According to the single cell evaluation, the peak power density of the ion-implanted bipolar
plate increases from 566.5 mW cm − 2 to 709.8 mW cm − 2 and the power density at 0.6 V increases by
about 50% compared to those measured from the single cell assembled with unimplanted SS bipolar plates.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction
Stainless steels are potential bipolar plate materials in polymer electrolyte membrane fuel cells (PEMFC) because of the good mechanical
strength, high electrical conductivity, high gas impermeability, low
cost, and easy manufacturing processes [1,2]. However, stainless steel
has its inherent shortcomings in the weakly acidic PEMFC electrolyte
containing ions such as F −, SO42-, Cl−, etc. [3]. In this environment,
the corrosion resistance of stainless steel is not sufﬁcient thereby
compromising the durability and lifetime of PEM fuel cells [4–6]. In addition, stainless steel is usually covered by a passive ﬁlm which significantly increases the interfacial contact resistance (ICR) between the
bipolar plates and carbon paper. In this respect, surface modiﬁcation
can increase the corrosion resistance and surface electrical conductivity. In a recent review, Antunes et al. [5] summarize the surface modiﬁcation methods and results acquired from metallic bipolar plates and
point out that incorporation of elements capable of enhancing the corrosion resistance and electrical conductance is the best choice. Lavigne
et al. [7] apply electrochemical treatment to insert cerium in 316L
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stainless steel passive ﬁlm to improve the conductivity and corrosion
resistance. The results show the corrosion resistance and conductivity
are improved by cerium treatment. Ion implantation is an excellent
surface modiﬁcation technique and has been used on various materials
to improve the surface properties [8–12]. In ion implantation, the distribution and concentration of the implanted elements can be tailored
without restriction of solubility and phase diagrams [13]. Other beneﬁts include no change of sample shape, ﬂexible processing temperature, good adhesion between the modiﬁed layer and substrate due to
ion mixing, and environmental friendliness. Zhang et al. [14] studies
the effect of Ti+ C dual implantation on the hardness of H13 steel
and ﬁnd dispersion hardening phases of Fe2Ti and TiC. In another
study, they investigate the corrosion behavior of Ti+ C implanted
H13 steel. The corrosion current density of Ti + C dual implanted
steel is greatly decreased and being 1.2% of that of non-implanted samples [15]. Carbon ion implantation is used to modify the surface of
Ni-based amorphous alloys as bipolar plate in PEMFC [16]. The results
indicate carbon ion implanted Ni-based amorphous alloy has corrosion
resistance as well as graphite and the contact resistance is decreased to
a level comparable to that of graphite. Previous work by Weng, et al.,
showed that ion implantation of Ti into Type 304 stainless steel decreased the open circuit corrosion rate in 0.5 M H2SO4 and decreased
both the critical current density for passivation and the passive current
density [17]. Ion implantation of Ti into 52100 steel improved the
corrosion resistance in H2SO4 solutions and in chloride solution due
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to the formation of a Fe–Ti–C amorphous surface [18]. In this work, we
conduct dual Ti and C ion implantation to improve the corrosion resistance and surface electrical conductivity of stainless steels and the performance of the ion-implanted and control SS bipolar plates is
compared.
2. Experimental details
Stainless steel 316L (SS316L) samples (16.4 at.% Cr, 8.2 at.% Ni, and
2.0 at.% Mo, balance being Fe) were used in our experiments. The
specimens were polished with SiC waterproof abrasive paper up to
#1200, degreased with acetone, cleaned with alcohol in an ultrasonic
cleaner, and dried prior to ion implantation and subsequent tests. Ion
implantation was carried out on the HEMII-80 High Energy Metal Ion
Implanter manufactured by Plasma Technology Limited as shown in
Fig. 1. The vacuum in the implantation chamber was below
5.0 × 10 − 5 Pa. Titanium ion was ﬁrst implanted at an accelerating
voltage of 20 kV for 0.5 h and the ion implant ﬂuence is calculated
according to the following formula:


I ⋅τ⋅n
2
;
D ions=cm ¼ k m
e⋅S⋅n0

1

in which k is the empirical coefﬁcient usually between 0.30 and 0.35,
Im is the average current, τ is the pulse width being 1 ms, n is pulse
number, e is electron charge, S is ion beam area, and n0 is the average
charge state number. As the average charge state number of titanium
is + 2.1 [19], the calculated ion implant ﬂuence after implantation
for 0.5 h is about 3 × 10 16 ions cm − 2. The samples then underwent
carbon implantation at 40 kV for 0.25 h, 0.5 h, 1 h, or 2 h. Taking the
average charge state number of carbon of +1 [19], the calculated
ion implant ﬂuences are about 6 × 1016 ions-cm− 2, 1.2 × 1017 ionscm− 2, 2.4 × 1017 ions-cm− 2, and 4.8 × 1017 ions-cm− 2 for Ti0.5C0.25,

Grid I

2915

Table 1
Main operating conditions in the single cell test.
Parameter

Cathode side

Anode side

Active area
Reactant ﬂow rate
Back pressure
Humidiﬁcation
Cell temperature
Reactant temperature

40 cm2
1200 SCCM (O2)
50 kPa
30%
52 °C
60 °C

40 cm2
1000 SCCM (H2)
30 kPa
30%
52 °C
60 °C

Ti0.5C0.5, Ti0.5C1 and Ti0.5C2, respectively where the last number designates the carbon implantation time.
X-ray photoelectron spectroscopy (XPS) was conducted on the
Physical Electronics PHI 5802 equipped with a monochromatic Al
Kα source to determine the elemental depth proﬁles in the near
surface of the bare and ion implanted SS316L. The surface chemical
composition and depth proﬁles were determined by using a constant
pass energy of 11.75 eV and the photoelectrons were collected at a
take-off angle of 45° with a step size of 0.25 eV. The cross-sectional
microstructure of the implanted SS316L samples was examined by
high-resolution transmission electron microscopy (HR-TEM) using a
Philips F20 microscope operated at 200 kV.
The interfacial contact resistance (ICR) of the bare and implanted
SS316L samples were evaluated on a structure with two pieces of conductive carbon paper (Toray TGP-H-090) sandwiched between the
sample and two copper plates. A constant current of 0.1 A was applied
through the two copper plates and the voltage was monitored as a
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Fig. 1. Photo and schematic diagram of HEMII-80 high energy metal ion implanter.

Fig. 2. XPS depth proﬁles: (a) Ti0.5C0.25 and (b) Ti0.5C2.
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function of the steadily increasing compaction force. The ICR between
the carbon paper and copper plate was subtracted for calibration and
so the results reported here represent the corrected ICR values between the sample and carbon paper.
In order to investigate the electrochemical behavior and surface
passivation, potentiodynamic and potentiostatic tests were conducted. The electrochemical tests were carried out on a Zahner Zennium Electrochemical Workstation. A conventional three-electrode
system in which the platinum sheet was the counter electrode, the
saturated calomel electrode (SCE) served as the reference electrode,
and the sample as the working electrode was adopted. The electrochemical tests were carried out in a common PEMFC accelerated solution [20–22] containing 0.5 M H2SO4 and 2 ppm HF at 80 °C. The
solution was aspirated thoroughly by either hydrogen gas (simulating the anode environment) or air (cathode environment) before
and during the electrochemical test. The open circuit potential
(OCP) versus time relationship was recorded for 1 h and then the
potentiodynamic polarization was monitored in the anodic direction
at a sweeping rate of 1 mV s − 1. The potentiostatic test was conducted for 10 h at polarized potentials of 0.6 V and − 0.1 V in the
simulated PEMFC cathode and anode environment [23,24], respectively to study the corrosion rate and stability. 100 ml of the solution
were collected after the potentiostatic test and analyzed by
inductively-coupled plasma atomic emission spectrometry (ICP-

a

AES) to determine the concentrations of Fe, Cr, Ni, Mo and Ti. The
surface topography of the ion implanted SS316L after the electrochemical tests was studied by scanning electron microscopy (SEM,
JEOL JSM-820).
A home-made single cell was designed and fabricated to evaluate
the single cell performance of the samples. According to the surface
conductivity and corrosion resistance results, Ti 0.5 h and C 0.5 h
were selected as the optimal conditions to modify the 0.1 mm thick
SS316L bipolar plates. Commercial MEA (anode) with platinum (cathode) loading of 0.5 mg cm − 2 and an active electrode area of 40 cm 2
were adopted. Aluminum plates 15 mm thick were used as the end
plates and 2 mm thick brass plates collected the current. The coated
bipolar plates, MEAs, silicon seals, and current collectors were
clamped between the two end plates by eight M4 screw joints at a
torque of about 6 Nm. The single cell test was carried out under the
I–V mode in the NBT-100W fuel cell test system. The experiments
were carried out under the scanning current mode and the results
were recorded after 2 h of stable operation. The important instrumental parameters are listed in Table 1.
3. Results and discussion
The XPS depth proﬁles of Fe, Cr, Ni, O, Ti and C in the implanted
SS316L are shown in Fig. 2. Fig. 2(a) acquired from Ti0.5C0.5 evinces

A

B

b

Amorphous phase

Amorphous phase

Crystal phase

Fig. 3. HR-TEM cross-sectional microstructure of Ti0.5C0.5.
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10–15 at.% Ti from 5 to 50 nm and more than 20 at.% C from 5 to
70 nm. As the average impact energy of titanium is 42 keV (20
keV × 2.1) whereas the average energy of carbon is 40 keV
(40 keV × 1), the penetration of carbon is deeper also due to the
smaller mass. The depth proﬁle of Ti0.5C2 in Fig. 2(b) reveals that
the carbon concentration increases to 55 at.% at the peak but the titanium concentration is smaller. At the same time, the Fe concentration
is greatly reduced around the carbon peak but the Ti concentration is
not, indicating that carbon and titanium substitute for iron in the
implanted samples.
The cross-sectional microstructure of the Ti and C implanted samples
Ti0.5C0.5 and Ti0.5C2 is examined by HR-TEM and the results are
depicted in Figs. 3 and 4, respectively. An amorphous layer with an approximate thickness of 32 nm is formed on the surface of Ti0.5C0.5 due
to radiation damage as indicated by the selected area diffraction (SAD)
spectrum obtained from area A. Formation of the amorphous layer in
conjunction with the compact structure and ﬁne grains under this layer
mitigates the adverse effect of the heterogeneous surface and improves
the corrosion resistance. Fig. 4 shows the HR-TEM cross-sectional microstructure of Ti0.5C2. There is a surface layer about 36 nm thick containing
precipitated nanophases as shown in area D in Fig. 4(b) caused by an
overdose in C ion implantation. The SAD corresponding to area A
shows the diffraction rings superimposed by diffraction spots stemming

Fig. 5. ICR values of the bare and Ti and C implanted SS316L samples versus compaction
force.

from the electron diffraction in the nanocrystalline structure. The precipitated nanophase is chromium carbide and iron carbide as determined
from previous studies involving co-implantation of V and C [25], Nb

A

a
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Fig. 4. HR-TEM cross-sectional microstructure of Ti0.5C2.
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and C [26], as well as Ti and C [15]. Underneath an amorphous phase
about 22.6 nm in thickness can be seen in Fig. 4(b) [area E]. The diffraction pattern in area C shows traces of the austenite γ phase from depth
of 200 to 300 nm.
The ICR between the implanted and unimplanted samples and
carbon paper is shown in Fig. 5 as a function of compaction force. In
general, the ICR decreases with compaction force exponentially,
indicating that the compaction force is dominant in the low compaction force region whereas the surface composition is predominant in
the other region. The ICR of bare SS316L is 370 mΩ cm2 at a typical
compaction force of 150 N cm− 2 due to the formation of passive ﬁlm
on the surface. After Ti+ C dual implantation, the ICR of all samples decrease due to the enrichment of titanium and carbon element and thinner passive ﬁlm caused by sputtering effect during ion implantation. In
speciﬁc, the ICR of Ti0.5C0.25 being lower than that of SS316L is
246 mΩ cm2. When the implant ﬂuence ratio of titanium and carbon
reaches 1:1 (that is, sample Ti0.5C0.5), the ICR exhibits the lowest
value of being 57 mΩ cm2 at the typical compaction force. When the
carbon implant ﬂuence is higher, ICR increases with ﬂuence. However,
in another study [27], we ﬁnd that the ICR of carbon implanted SS316L
decreases with increasing implantation ﬂuence due to the precipitation
graphite nanophase in high implantation ﬂuence. The lowest ICR is
obtained when implanted for 2 h and reaches 127.8 mΩ cm2, much
higher than that of Ti0.5C0.5 sample. The improved surface conductivity of SS316L due to Ti and C ion implantation implies that the internal
resistance of the PEMFC stack can be substantially reduced to enhance
the output power density.

The potentiodynamic polarization test results conducted in 0.5 M
H2SO4 + 2 ppm HF solution at 80 °C are presented in Fig. 6. As
shown by Fig. 6(a), the corrosion potential of the implanted specimens is more positive than that of the unimplanted one and the passive current density is smaller. In particular, the corrosion potential of
SS316L is − 265 mV and the passive current density at the cathode
operation potential is 17.9 μA cm − 2. In comparison, the corrosion potential of Ti0.5C0.5 is 153 mV and the passive current density at 0.6 V
is 6.0 μA cm − 2. Thermodynamically, a higher corrosion potential
means higher chemical inertness and less corrosion tendency. The
carbon ion implantation also improves the corrosion resistance of
SS316L in cathode environment. For C implanted 2 h sample, the corrosion potential is 65 mV and the passive current density at 0.6 V is
4.0 μA cm − 2. Although the passive current density of Ti + C dual
implanted SS316L at 0.6 V is little higher than that of C implanted
sample, the surface conductivity of Ti0.5C0.5 sample exhibits obvious
advantage. In the simulated anode environment, the corrosion potential (Ecorr) of the bare SS316L is close to − 271 mV and the anode operation potential (about −0.1 V) is in the passive region as shown in
Fig. 6(b). After Ti and C ion implantation, the corrosion potential
shifts towards the positive direction and is more positive than the
anode operation potential. Sample Ti0.5C0.5 exhibits the most positive corrosion potential of 272 mV. The potentiodynamic polarization
results indicate that the corrosion rate is signiﬁcantly diminished by
Ti and C ion implantation.
Under the PEMFC working conditions, the bipolar plate is not usually corroded at the free corrosion potential but rather the applied

Fig. 6. Potentiodynamic curves obtained from the bare and Ti and C implanted SS316L
samples in 0.5 M H2SO4 + 2 ppm HF solution at 80 °C: (a) Purged with air and
(b) Purged with H2.

Fig. 7. Potentiostatic curves obtained from the bare and Ti and C implanted SS316L
samples: (a) Simulated cathode (0.6 V vs SCE purged with air) and (b) Anode environment (− 0.1 V vs SCE purged with H2).
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potential, 0.6 V on the cathode side and −0.1 V on the anode side
[4,24]. Fig. 7 shows the potentiostatic curves under the simulated
PEMFC conditions. The current density decreases rapidly initially
and then gradually stabilizes due to the good passivation ability. Although the passive current density of the bare SS316L is much larger
than that of Ti0.5C0.5 as measured by the potentiodynamic test, the
current density in the potentiostatic test is almost the same, indicating that the passivation ability of SS316L is better than that of the
implanted specimen. Although passivation retards the corrosion rate
and prevents the substrate from further corrosion, the surface electrical conductivity is sacriﬁced thereby decreasing the output power
density of PEMFC stack. It is noted that the current density of
Ti0.5C1 in Fig. 7 (a) in the end of test is not stable, which indicates

2919

that the surface of this sample is unstable and would be corroded
with local corrosion. In the simulated anode environment, − 0.1 V
vs SCE is applied during the potentiostatic test under H2 purging.
The potentiostatic results show very different curves between the
unimplanted and implanted SS316L. The bare SS316L exhibits a passivation behavior typical of SS316L in the cathode environment
whereas the implanted specimen displays an opposite tendency. It
is reasonable that the corrosion potential of the implanted specimen
is higher than the applied anodic potential of −0.1 V. The negative
current density indicates cathodic protection in this environment.
The SEM micrographs of the implanted SS316L after the potentiostatic tests are depicted in Fig. 8. Only a small part of the surface is
corroded. There is no obvious corrosion on the surface of Ti0.5C0.25

a

b

c

d

e

f

g

h

Fig. 8. SEM images of Ti and C implanted specimens after polarization in the PEMFC cathode environment: (a) Ti0.5C0.25, (b) Ti0.5C0.5, (c) Ti0.5C1, (d) Ti0.5C2 and in the PEMFC
anode environment: (e) Ti0.5C0.25, (f) Ti0.5C0.5, (g) Ti0.5C1, (h) Ti0.5C2.
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and Ti0.5C0.5 after polarization in the cathode environment, whereas
localized corrosion can be observed for Ti0.5C1 sample. Local corrosion is apparent in the simulated anode environment due to the presence of H2, especially on the surface of Ti0.5C1 and Ti0.5C2. Ion
implantation will inevitably create defects in the near surface region
when entering into the substrate. While the defects on the surface
allows hydrogen in the anode environment permeate into the surface
more easily, making the sample prone to local corrosion. SEM indicates that a proper ion implant ﬂuence, for example, Ti0.5C0.5 in
this case, signiﬁcantly inhibits the surface corrosion process.
The solutions after the potentiostatic test are collected and the
metal ions dissolved were determined by ICP and the results are
summarized in Table 2. Fe shows the highest concentration of all
dissolved ions in all cases, implying that Fe in the stainless steel is selectively dissolved. This is attributed to higher mobility of iron cations
as compared to chromium cations in the passive ﬁlm [28,29]. For the
unimplanted and implanted with lower ﬂuence of SS316L, more
metal ions are generated in the cathode environment than in the
anode environment, indicating that the cathode environment is more
corrosive. It is because that the negative current in the simulated
PEMFC anode environment should provide partially cathodic protection. However, the metal ion concentrations leached from Ti0.5C2
sample in the simulated anode environment is found to be more than
that in the cathode one, indicating that the implanted samples corrode
faster in the anode environment. This is due to the high implantation
ﬂuence creating excess tunnels and defects in the near surface region
when entering the substrate. Hydrogen in the anode environment
thus is more easily to permeate into the surface, forming active sites
for the passive ﬁlm breakdown and pit initiation [30]. The greatest reduction in the ion concentrations in the solution is observed from
Ti0.5C0.5 sample. The total metal ion concentration is reduced by 5
times in the cathode environment and 3.3 times in the anode environment, compared to the unimplanted SS316L. These data imply that
good corrosion resistance is achieved by proper Ti+ C dual implantation ﬂuence. It is also noted that the current density of ion implanted
SS316L during potentiostatic test is equal to or larger than that of
unimplanted sample in the cathode environment. While the ICP results
indicate that ion implanted sample releases less metal ions than the
unimplanted one. This is due to the different electrochemical reaction
process on the surface of implanted and unimplanted SS316L.
The initial performance of the single cell assembled with the Ti
and C implanted and uninplanted stainless steel bipolar plates is
shown in Fig. 9. The performance of the PEMFC is affected by the
resistance over potential, activation over potential, as well as concentration over potential. In this case, the resistance over-potential is the
major factor since the assembling and testing conditions are the
same. The open circuit voltage (OCV) of the single cell with the ion
implanted bipolar plate is almost the same as that of the bare SS
bipolar plates, being 970.7 mV and 979.6 mV, respectively. The peak
power density of the single cell assembled with the bare SS bipolar
plates is 566.5 mW cm − 2 at a current density of 1655.2 mA cm − 2
and the power density at 0.6 V is 299.7 mW cm − 2. As for the Ti + C
dual implanted bipolar plates, the peak power density is
Table 2
Fe, Cr, Ni, Mo and Ti ion concentrations for the bare and dual Ti and C implanted SS316L
in 0.5 M solutions after 10 h potentiostatic test.
Sample

SS316L
Ti0.5C0.25
Ti0.5C0.5
Ti0.5C1
Ti0.5C2

Ion concentration in PEMFC
cathode environment after 10 h
(ppm)

Ion concentration in PEMFC
anode environment after 10 h
(ppm)

Fe

Cr

Ni

Mo

Ti

Fe

Cr

Ni

Mo

Ti

7.62
2.97
1.66
3.81
6.04

0.88
0.29
0.11
0.41
1.64

0.69
0.12
0.06
0.18
0.54

0.08
0.03
0.02
0.04
0.19

–
0.03
0.02
0.11
0.56

6.28
1.62
1.58
3.61
6.90

0.90
0.40
0.44
0.43
1.90

0.61
0.20
0.23
0.18
0.98

0.15
0.02
0.06
0.03
0.24

–
0.07
0.05
0.46
0.57

Fig. 9. Single cell performance of the Ti and C implanted and unimplanted SS316L bipolar plates.

709.8 mW cm − 2 at a current density of 1911.9 mA cm − 2, while the
power density is 443.6 mW cm − 2 at 0.6 V. The results indicate that
the single cell performance is signiﬁcantly improved by Ti and C ion
implantation. As the sweeping current density increases, the output
voltage of the single cell with the bare SS bipolar plates decreases faster than that measured from the implanted SS bipolar plates due to a
much higher ICR of the unimplanted stainless steel as illustrated in
Fig. 5. Therefore, the ICR is a dominant factor affecting the resistance
over potential of a single cell.
4. Conclusion
Dual Ti and C ion implantation is performed to improve the corrosion
resistance and surface conductivity of 316L stainless steel bipolar plates
used in PEMFC. The corrosion resistance is improved and the ICR is reduced by 6.5 times due to the Ti and C enriched surface. The single cell
test also indicates obvious improvement associated with the power density and output voltage. In Ti0.5C0.5, the peak titanium and carbon concentration is 14% and 25%, respectively and an amorphous phase about
32 nm thick with a compact structure and ﬁne-grain underlayer are
formed. The ICR and electrochemical test indicate substantial improvement in the surface conductivity and corrosion resistance after ion implantation. In comparison, the cross-sectional microstructure of Ti0.5C2
is composed of a layer containing precipitated nanophases on the surface with an amorphous phase about 22.6 nm thick underneath and a
reﬁned grain zone between modiﬁed layer and substrate. The proper
ion implant ﬂuences, Ti0.5C0.5 in this case, signiﬁcantly inhibit surface
corrosion. Based on the ICR and electrochemical results, ion implantation of titanium for 0.5 h and carbon for 0.5 h are selected to modify
SS bipolar plates. The single cell test results show that the peak power
density assembled with the ion implanted bipolar plates increases
from 566.5 mW cm− 2 to about 709.8 mW cm− 2 and the power density
at 0.6 V increases by about 50% compared to the single cell assembled
with the unimplanted SS bipolar plates.
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