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In this work, the effects of substrate temperature that was changed from 100 to 500 ◦C on the structural,
chemical and electrical properties of carbon films, prepared by direct current magnetron sputtering tech-
nique, on 316L stainless steel as bipolar plate had been investigated. Raman spectroscopy and scanning
electron microscopy (SEM) were performed to study the structure and the morphology of the deposited
films, respectively. The corrosion resistance and the electrical resistivity were carried out by using cor-
rosion tests and four point-probe technique. The results show that the carbon films change the structure
from amorphous to graphite-like by increasing temperatures. At the temperatures higher than 300 ◦C, the
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holes and porosities are formed on the film indicating a decrease of film quality. According to our results,
corrosion resistance and electrical properties are depended strongly on the substrate temperature.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Bipolar plates are multifunctional components in polymer elec-
rolyte membrane fuel cells (PEMFCs). They account for about 45%
f total stack cost and about 80% of total weight, which prevent
EMFCs from being widely used [1]. Traditionally, solid graphite is
sed for bipolar plates because of its low interfacial contact resis-
ance and high corrosion resistance, but it is brittle, expensive to

achine, and has poor cost effectiveness for mass production.
Metallic materials are candidates as bipolar plates because of

heir good mechanical strength, high gas impermeability, low cost
nd ease of manufacturing. Noble metals such as gold and palla-
ium [2] and amorphous metals [3–5] are investigated. They have
xcellent performance in fuel cells. However, the high cost of these
etals has prohibited their utilization for commercial use [6].
Inexpensive metals and alloys such as aluminum [7], stainless

teel [8,9], nickel [10], copper [11], and titanium [12] could easily
e processed into bipolar plates. Corrosion of the metallic bipo-
ar plates leads to release of metal ions that can contaminate the
lectrolyte membrane, thus decrease membrane conductivity and
fficiency of the fuel cell [13]. In addition, the formation of a passive,
r oxide, or hydroxide layer on the metallic surface will increase
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the interfacial contact resistance by many orders of magnitude
[13].

A possible solution is coating a conductive film on metallic bipo-
lar plate to protect it against corrosion while keeping the contact
resistance low. It seems that, carbon coating could significantly
improve the corrosion resistance and the electrical conductivity.
Indeed some attempts have been made to improve the performance
of bipolar plates [14–20].

Fukutsuka et al. [14] prepared carbon coating on the 304 stain-
less steel by using plasma-assisted chemical vapor deposition. They
concluded that the carbon coating on the 304 stainless steel might
be a candidate technique for the improvement of metal bipolar
plates. In another report, Show et al. [15,16] studied on the amor-
phous carbon (a-C) films deposited on titanium bipolar plate by
radio frequency plasma enhanced chemical vapor deposition (RF-
PECVD) method. They illustrated that using an a-C layer on metal
bipolar plates improves the efficiency of fuel cells for electric power
generation. After that, Chung et al. [17] used CVD process to deposit
a carbon film on Ni-coated 304 stainless steel bipolar plates. They
predicted that carbon-coated stainless steel plates may practically
replace commercial graphite plates in the application of PEMFC. In

a separate study [18], they also investigated on deposition of car-
bon film without Ni coating (catalyst layer). They believed that the
use of such carbon-coated 304 stainless steel as bipolar plates is
expected to reduce the volume while improving the performance
of PEMFC. Fu et al. [19] tried to evaluate the effect of pure carbon,
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Fig. 1. Raman spectra of carbon films deposited at various substrate temperatures.

Table 1
Raman parameters extracted from Lorentzian deconvolution of Raman spectra in
Fig. 1.

Substrate temperature (◦C) ID/IG FWHM G (cm−1) FWHM D (cm−1)

100 0.99 151 468
200 1.08 124 349

nificant than G peak FWHM. Beeman et al. [24] believed that there
is a relationship between D and G FWHM intensity in graphite and
relaxation in the bond-angle distortion of the threefold coordinated
carbon atoms towards an angle of 120◦. By increasing deposition
52 A. Afshar et al. / Journal of Alloys

–Cr and C–Cr–N composite films on 316L stainless steel as bipolar
lates. According to their results, C–Cr composite films satisfy the
EMFC recommendation more than the other kinds of coatings.

Here, we report on the structural, chemical stability and elec-
rical properties of 316L stainless steel substrates coated by direct
urrent magnetron sputtering PVD (MS-PVD). Also the effects of
ubstrate temperature on the properties of studied films are dis-
ussed.

. Materials and methods

The substrate material was 316L austenitic stainless steel. The chemical com-
osition of the specimen is 16.4Cr–10.32Ni–1.94Mo–0.024C in %wt. The polished
pecimens were provided at an approximate size of 10 mm × 10 mm and 2 mm thick-
ess. All the specimens were cleaned ultrasonically with ethanol and acetone prior
o the coating treatments. The substrate temperature was increased with an elec-
rical heater in range of 100–500 ◦C with ±5 ◦C tolerance. The MS-PVD chamber
as pumped to a base pressure around 3 × 10−6 Pa and then high purity argon was
owed to reach the operating pressure around 4.3 × 10−5 Pa. The carbon plate with
99.99 purity was used as the target. The distance between specimen and target
as fixed at 4.5 cm. The plasma was applied by high voltage DC power source. Its

oltage set at 800 V. For all samples the sputtering time was kept fixed at 8 min.
uring cooling down to 100 ◦C, the chamber was under argon atmosphere.

The carbon films were characterized by Raman spectroscopy method using a
pectrometer of the type Labram HR800. Raman spectra were collected using 532 nm
ine from an Nd–YAG laser with a power of 10 mW. Morphology of the carbon coating

as observed by scanning electron microscopy (SEM).
The corrosion resistance of the coated samples in 1 M H2SO4 with 5 ppm F−

ons at 70 ± 3 ◦C (i.e. simulated PEMFC solution) was evaluated by potentiodynamic
olarization with potentiostat model 273A EG&G instruments. A saturated calomel
lectrode (SCE) was used as reference and a Pt rod served as the auxiliary electrode.
he specimen was mounted in a fixture in order to avoid exposing uncoated area in
ontact of corrosion environment.

Polarization scan started at around −250 mV vs. open circuit potential (OCP) and
ontinued in the anodic direction up to 0.9 mV vs. SCE with a potential scan rate of
mV s−1.

There is a conventional method to measure interfacial contact resistance (ICR)
3–9,11,12] of the bipolar plates as PEMFC which is used by a majority of the
esearches. However, four point-probe instrument is also used by the others [15,16]
o investigate the electrical properties of the films. In this work, the latter one (model
eithley) is applied for measuring the electrical resistivity. The voltage and current
ange were selected ±1 V and ±100 mA, respectively. It should be mentioned that, in
rder to reduce the reading errors, the probe and circuit resistances were subtracted
rom layer resistance (Rs). Considering Rs which is calculated from I–V characteristic
urve, the sheet resistance (�) could be measured from the following equation:

=
(

2�t

Ln 2

)
Rs (1)

here t is the thickness of carbon films. The thickness of different films is measured
y a profile-meter, Dektak 3 model, Version 2.13.

. Results and discussion

Fig. 1 shows the Raman spectra of carbon films which were
eposited at various temperatures. Each spectrum is mainly com-
osed of two broad peaks at around 1600 and 1320 cm−1. These
eaks are named G-band and D-band, respectively. The G-band
graphite) is related to graphite lattice and sp2 bands. The D-band
defect) results from the defects in the graphite crystalline struc-
ure. The intensity and width of D-band is proportional to the
esonances of carbon atoms in disordered and defective graphite
tructure. The stronger intensity and the wide full width at half
aximum (FWHM) of D-band denote an abundance of short range

rdered graphite structures or graphite with very small grain size
n the carbon film.

Table 1 summarizes the parameters extracted from Raman spec-
ra in Fig. 1. FWHM and intensity for deconvoluted peaks were
erived from the Lorentzian distribution fitting. Based on the fit-

ing parameters, the ratio of the D and G intensity peaks (ID/IG) are
etermined. According to Fig. 2, the ID/IG ratio is increased abruptly
y increasing the substrate temperature up to 300 ◦C, indicating the
raphitization of films, and then is changed slightly above 400 ◦C. As
eported in references [16,17,21–23], the shape of Raman spectra
300 1.16 63 234
400 1.36 63 108
500 1.34 62 131

at 100 and 200 ◦C corresponds to the amorphous structure (a-C) of
deposited carbon films. A further increasing of substrate tempera-
ture can change the a-C film microstructure towards graphitization
due to the increase of carbon atom mobility and reduction of defect
density as reported by Onoprienko et al. [21]. In agreement with
Onoprienko et al., the transformation of distorted aromatic rings
into regular ones occurs at temperature up to 400 ◦C (graphitiza-
tion step). However, above 400 ◦C the growth mechanism changes
with formation of graphite crystallites.

Fig. 3 shows FWHM of D and G bands as a function of substrate
temperature. FWHM intensity for both D and G bands decreases
with deposition temperature. D peak FWHM decreasing is more sig-
Fig. 2. Dependence of ID/IG ratio on deposition temperature.
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Table 2
Corrosion parameters of the carbon films coated on 316L stainless steel in 1 M H2SO4

solution with 5 ppm F− at 70 ◦C.

Substrate temperature (◦C) Icorr (×10−8 A cm−2) Ecorr (mV vs. SCE)

100 6.4 +268
200 5.6 +329
300 14 +354
400 16 +173
ig. 3. FWHM of G and D peaks observed in Raman spectra of carbon films deposited
t various temperatures.

emperature, atomic rearrangement processes causes relaxation of
ond-angle distortions and therefore FWHM decreases by increas-

ng temperatures. Cappelli et al. [22] declared that, narrowing D and
peaks (decrease in FWHM) by increasing temperature is related to

emperature aggregation and ordering phenomenon due to atomic
earrangement processes.

When FWHM of the G peak exceeds 50 cm−1, reveals that the
ize of graphite crystallites with sp2 bands (La) is around or lower
han 1 nm [25]. Ferrari and Robertson [26], showed that in this
ange of crystallite size, the ID/IG ratio can be related to La (in
ngstrom) according to the following equation:

ID
IG

= c.L2
a (2)

hich c is constant and equal to around 0.0055.
It is obvious from Table 1 that, the G peak FWHM is wider than

0 cm−1 for all samples. Therefore, we can approximately calculate
he average of graphite grain size (La). La rises from 1.34 to 1.57 nm
y increasing the substrate temperature. However the grain size of
he crystallites is very small. We can classify deposited carbon films
n amorphous and glassy carbon form [25].

Fig. 4 presents the potentiodynamic results for carbon-coated

16L stainless steel at various substrate temperatures. Extracted
esults from potentiodynamic curves are summarized in Table 2.
ccording to Table 2, corrosion potential (Ecorr) of the coated sample
radually increases up to 300 ◦C and then dramatically decreases by

ig. 4. Potentiodynamic curves of carbon films deposited at various temperatures
n1 M H2SO4 solution with 5 ppm F− at 70 ◦C.
500 64 +110
500a 43 +97

a Sample that cooled slowly after deposition.

increasing the substrate temperature. Ecorr increase is related to the
cathodic reactions in corrosion which is hydrogen gas evaluation as
a predominant reaction in acidic solutions. In other words increas-
ing the exchange current density (i0) can increase the corrosion
potential. One of the most important parameters that affects i0 is
surface morphology and roughness [27]. Increasing substrate tem-
perature can modify the grain size of graphite crystallites, defects,
and roughness. Dramatic decrease in corrosion potential at tem-
peratures higher than 300 ◦C is related to the anodic reactions that
are mainly originating from corrosion of substrate. When substrate
is exposed to corrosion solution, the anodic reaction will increase.
This phenomenon is shown in Fig. 5. Corrosion rate (icorr) is rela-
tively low and nearly constant up to 300 ◦C and then is increased
by raising the deposition temperature. Fig. 6 shows SEM micro-
graphs of carbon coating at 200 and 400 ◦C. Comparing two images,
we observe that the pine-hole density has been increased and the
cracks are formed on the surface of deposited film at 400 ◦C (shown
by arrows).

Therefore, it seems that surface defects are created at high tem-
perature results in high corrosion rate. The defects may be related
to the thermal stress during the sample cooling after deposition.
It means the defects are the consequence of thermal expansion
coefficient difference between 316L stainless steel and carbon film.
The conventional cooling rate of the samples is about 4.8 ◦C min−1.
However, by reducing the cooling rate to 15.8 ◦C min−1 (decrease
more than three times), the corrosion rate does not decrease sig-
nificantly (Table 1).

A similar dependence between carbon film porosity and sub-
strate temperature has been reported by Mounier et al. [28].
From Fig. 6a one observes that, amorphous carbon films (a-C)
deposited at low temperatures are relatively dense and without
porosity. If one considers the constant flux of carbon atoms arriv-
ing at the surface of substrate, it is expected that the increase

Fig. 5. Dependence of corrosion current density (Icorr) of carbon films on substrate
temperature.
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Table 3
Sheet resistivity of carbon films on 316L stainless steel as a function of substrate
temperatures.

Substrate
temperature (◦C)

100 200 300 400 500

Rs (�) 2452.90 950.14 141.09 81.40 67.42
t (nm) 80.1 96.2 106.1 146.0 207.1
� (� cm) 89.60 41.28 6.63 5.15 6.02
ig. 6. SEM micrograph of the carbon film surface deposited at (a) 200 ◦C and (b)
00 ◦C. The scales are 200 and 300 nm for (a) and (b), respectively.

f temperature results in increasing of the mass density due to
he graphitization. However, in consistent with our observation in
ig. 6b, Mounier et al. [28], indicated a reduction of carbon film
ass density by increasing the temperature too, probably because

f porosity increments.
In accordance with some investigations [6,10,14], the corrosion

urrent density less than 16 �A cm−2 has been recommended for
ipolar plates. It can be seen from Fig. 5 that, all of the samples were
repared at temperatures below 400 ◦C can satisfy the proposed
ecommendation.

In the real PEMFC working conditions, the anode and cathode
otentials are at around −0.1 V vs. SCE and +0.6 V vs. SCE, respec-
ively [8,14,29]. In our case, the anode potential of PEMFC for all
arbon-coated samples is located in cathodic branch. Therefore it
s expected that no corrosion will be appear in anode side of the
arbon-coated 316L stainless steel bipolar plates. In other words,
arbon films at anode potential are under cathodic protection. How-
ver, the condition for the cathode side is different, because cathode
otential for all deposition temperatures is located in anodic branch
f potentiodynamic curve. Thus, it seems that corrosion will hap-
en in cathode side of the carbon-coated 316L stainless steel bipolar
lates. It should be noted that the magnitude of corrosion is impor-
ant. Therefore, complete tests under more practical conditions of
EMFC are necessary. It includes potentiostatic tests under hydro-
en purge and measuring dissolved ions in solution by ICP method.
uthors are going to do these experiments in feature.
The sheet resistivity (�) of films deducted from relation (1) at dif-
erent substrate temperature is summarized in Table 3. Fig. 7 shows
he sheet resistivity of the carbon films extracted from Table 3. As
t can be seen, � decreases dramatically up to 300 ◦C, and remains
onstant above that. The similar trend has been reported in [15,21].
Fig. 7. The sheet resistivity of the carbon films deposited at various temperatures.

Show [15] has declared that, the deposited a-C film at room tem-
perature presents a high resistivity above the detection limit of the
four point-probe instrument. The decrease of resistivity is due to
the graphitization of amorphous film by increasing substrate tem-
perature as concluded from Raman results. It is worth to notice
that at elevated temperatures (above 400 ◦C in our case) the qual-
ity of deposited film decreases by the formation of extended defects
such as cracks and voids which lead to degradation of the film cor-
rosion resistance. From the above discussion, it seems necessary
to find a compromise between chemical and electrical properties
of prepared films with choose of adequate substrate temperature.
According to our results, it is inferred that working temperature of
300 ◦C can satisfy the mentioned request. Saturation of resistivity
in elevated temperatures is a result of equilibrium between film
graphitization and quality degradation.

4. Conclusion

The carbon was coated on 316L stainless steel by flat DC MS-
PVD at different substrate temperatures was changed from 100 to
500 ◦C. The results show that in temperatures less than 300 ◦C, the
films present an amorphous structure however, in temperatures
higher than 300 ◦C, the fine-grained graphite (from 1.34 to 1.57 nm)
forms and the graphitization of the deposited films take place. At
temperatures below 400 ◦C, films show a high corrosion resistance,
but at higher temperatures it is decreased due to the degradation of
the deposited film quality by formation of the cracks and porosities.
Also, the electrical resistivity sharply decreases by temperatures
rising up to 300 ◦C and then stabilizes above that temperature. To
satisfy both chemical and electrical needs, an optimum value of
substrate temperature is required that is 300 ◦C in our conditions.
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