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a b s t r a c t

The lower temperature chromizing treatment is developed to modify 316L stainless steel (SS 316L) for
the application of bipolar plate in proton exchange membrane fuel cell (PEMFC). The treatment is per-
formed to produce a coating, containing mainly Cr-carbide and Cr-nitride, on the substrate to improve
the anticorrosion properties and electrical conductivity between the bipolar plate and carbon paper. Shot
peening is used as the pretreatment to produce an activated surface on stainless steel to reduce chromiz-
eywords:
roton exchange membrane fuel cell
PEMFC)
tainless steels
hromizing
orrosion

nterfacial contact resistance (ICR)

ing temperature. Anticorrosion properties and interfacial contact resistance (ICR) are investigated in this
study. Results show that the chromized SS 316L exhibits better corrosion resistance and lower ICR value
than those of bare SS 316L. The chromized SS 316L shows the passive current density about 3E−7 A cm−2

that is about four orders of magnitude lower than that of bare SS 316L. ICR value of the chromized SS
316L is 13 m� cm2 that is about one-third of bare SS 316L at 200 N cm−2 compaction forces. Therefore,
this study clearly states the performance advantages of using chromized SS 316L by lower temperature
chromizing treatment as bipolar plate for PEMFC.
. Introduction

The proton exchange membrane fuel cell (PEMFC) is an ideal
andidate for automotive propulsion application due to its high
fficiency and cleanliness [1,2]. Bipolar plate is a major part of
EMFC stack, which accounts for most of the total weight and
ost of stacks [3]. Currently, machined graphite composites are
ainly used for bipolar plate for PEMFC, however, their high cost

f machining limit their wide application. Much effort has focused
n metal bipolar plates [4] because of their malleable and supe-
ior mechanical properties. Among many candidate materials for
etal bipolar plates, stainless steel has attracted much attention

ue to its mechanical properties and relatively low price [5,6]. Nev-
rtheless, stainless steel is apt to be corroded in PEMFC working

nvironment. Therefore, coating a protective film with good corro-
ion resistance and electrical conductivity is considered to be one of
he effective solutions to overcome the shortcomings of stainless
teel. A number of coating techniques including chemical vapor
eposition (CVD) [7], physical vapor deposition (PVD) [8], electro-
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plating [9], and chromizing [10] have been investigated to apply to
modify the metal bipolar plate of PEMFC. Chromizing is considered
to be an effective surface treatment to improve corrosion resis-
tance of bipolar plate since it produces a uniform diffuse layer on
the surface and maintains high coherence at the interface between
the diffuse layer and the substrate [10–12]. However, nearly all
conventional chromizing processes are carried out at tempera-
ture above 1000 ◦C that will induce serious distortion of work
pieces and severe degradation of mechanical properties [13,14].
Void formation has also been reported after the pack cementa-
tion of Cr due to Kirkendall effect [7]. To minimize these negative
effects, it is necessary to reduce chromizing temperature. Wang et
al. [15] have investigated a duplex lower temperature chromizing
process on low carbon steel after surface mechanical attrition treat-
ment, and results show that corrosion resistance was improved
markedly.

In this study, a novel lower temperature chromizing process
was developed. It is a simpler process compared with Wang’s
method. The pretreatment of shot peening was utilized before
chromizing since it would induce numerous grain boundaries to

enhance atomic diffusion and chemical reaction kinetics [16–18].
Then a lower temperature chromizing treatment followed to form
a Cr-enriched film on SS 316L. Microstructure, interfacial contact
resistance (ICR) and corrosion resistance of chromized SS 316L were
investigated.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yuhaijunneu@163.com
dx.doi.org/10.1016/j.jpowsour.2009.11.018
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f (a) sample A and (b) sample B.
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Table 2
Surface chemical composition (wt.%) of chromized SS 316L.

T
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Fig. 1. SEM micrographs o

. Experiments

.1. Samples preparation

SS 316L sheets (4 mm thick) were chosen as the base metal of
ipolar plate. The chemical composition of SS 316L sheets used in
his study is listed in Table 1. The sheets were cut into samples
f 10 mm × 10 mm, polished with 120, 600, 800 grit SiC abrasive
aper, and then carried out by shot peening pretreatment for
0 min. The pack powder mixture used as chromizing deposition
ource contained a master metal Cr (50 wt.%), inter-filler Al2O3
43 wt.%) and an activator NH4Cl (7 wt.%). The power mixture was

ixed up in accordance with a suitable proportion and homoge-
ized using ball mill for 10 h. The sample was buried in pack powder
nd chromized for 180 min at 900 ◦C in Ar atmosphere. In order to
ompare with the lower temperature chromizing treatment, con-
entional chromizing treatment was also investigated in this study.
n conventional chromizing process, the sample was directly buried
n pack powder without carrying out pretreatment and chromized
or 180 min at 1100 ◦C in Ar atmosphere. In this study, process 1
epresents the lower temperature chromizing process and process
represents the conventional chromizing process.

.2. Microstructure characterization

The phrase identification of surface of chromized SS 316L was
dentified by X-ray diffraction (XRD) using an X-Pert Pro with
u K� radiation (� = 1.54178 Å). The morphology of chromized
S 316L was observed by using a scanning electron microscope
SEM, Hitachi S-4800). Meanwhile, the chemical composition of
hromized layers and distributions of the Cr and Fe in the chromized
ayers were monitored by X-ray energy dispersion spectrometer
EDS).

.3. Electrochemical tests

Both potentiodynamic tests and potentiostatic tests were per-
ormed to analyze corrosion characteristics of bare SS 316L and

hromized SS 316L. A conventional three-electrode system was
sed with a working electrode, a platinum sheet as the counter
lectrode and a standard calomel electrode (SCE) as the reference
lectrode. Princeton Applied Research 2273 was utilized to conduct
hese electrochemical experiments. Potentiodynamic tests were

able 1
hemical composition (wt.%) of SS 316L.

Materials C Mn Si S P

316L 0.022 1.49 0.34 0.01 0.0
Specimens Cr Fe C N

Sample A 80.69 5.15 6.22 7.94
Sample B 82.44 6.66 9.39 1.51

conducted in 0.5 M H2SO4 + 2 ppm F− solution at room tempera-
ture at the sweeping potential ranged from −0.35 V to 1.0 V (versus
SCE) with a scanning rate of 1 mV s−1. To simulate aggressive PEMFC
working environment, potentiostatic tests were chosen: at anode,
the applied potential was −0.1 V (versus SCE) and solution was
purged with hydrogen gas for a simulated PEMFC anode environ-
ment, at cathode, the applied potential was 0.6 V (versus SCE) and
purged with air for a simulated PEMFC cathode environment, all
potentiostatic tests were conducted at 70 ◦C [19,20].

2.4. ICR measurement

The measurements of ICR between chromized stainless steel
and carbon paper were performed using Wang’s methods [6,21].
Two pieces of treated conductive carbon paper were sandwiched
between the samples and two copper plates. A current of 1 A was
applied via two copper plates and voltage drop was measured. And
ICR was obtained from the voltage drop.

3. Results and discussion

3.1. Microstructure of the chromized SS 316L

Surface SEM micrographs of chromized SS 316L, shown in
Fig. 1(a) and (b), indicate that a flat and continuous chromized layer
was deposited on SS 316L. Fig. 1(a) and (b) are surface morphol-
ogy of sample A (using process 1) and sample B (using process 2),
respectively. Surface morphology of sample A is a little coarser than
that of sample B, which should be due to the 10 min’s shot peen-
ing pretreatment. The chemical composition of chromized layers
evaluated from the EDS data is shown in Table 2. Results indi-
cate that various carbides and nitrides of chromium are formed

in the surface of chromized SS 316L. The formation of chromium
carbides result from the diffusions of Cr inwards and carbon out-
wards [18,22], because of the larger Gibbs free energy changes
for the formation of chromium carbides than that of the cemen-
tite. And nitrides nucleate and grow inward from the top surface,

Cr Ni Cu Mo N

28 16.45 10.81 0.45 2.04 0.03
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tion with passive current densities about 3E−7 A cm−2, which were
about four orders of magnitude lower than that of bare SS 316L. It
indicates the effectiveness of chromium compounds on the surface
layer in improving anticorrosion properties of stainless steel. The
Fig. 2. Cross-sectional SEM micrograph of samples A and B, and followed by co

ith the reactions of diffused chromium and nitrogen atoms [23].
ig. 2 is cross-sectional SEM micrographs with elemental line scan
f chromized SS 316L. It is clear that an obvious and continuous
hromized layer is deposited on the substrate. Cr-enriched layer
bout 2 �m is formed in sample A, which is thicker than that of
ample B (about 1 �m). The thicker chromized layer is due to faster
iffusion kinetics of the deposited Cr in the layer of sample A.

XRD patterns (Fig. 3) show that various Cr-rich phrases, mainly
r23C6 and Cr2N phrase, are formed in the surface layers. Combing
ith the surface chemical composition analysis by EDS, it can be

stimated that a continuous Cr-enriched diffusion layer, contain-
ng major Cr-carbides and Cr-nitrides, is formed on SS 316L. And a
arger volume fraction of nitride in sample A than that in sample B
ould also be indicated.

Formation of a thicker chromized surface layer, with a lower
hromizing temperature, is obtained by the enhanced diffusiv-
ty and phase formation kinetics [18]. A large volume of grain
oundaries with a high excess stored energy introduced by the pre-
reatment of shot peening can promote the diffusion and deposition
ate of Cr in the surface layer. Hence, we can obtain a thicker and
ense Cr-enriched surface layer at a relative lower temperature.

.2. Corrosion resistance
Potentiodynamic tests were carried out to investigate polar-
zation behavior of chromized SS 316L in 0.5 M H2SO4 + 2 ppm F−

olution at room temperature. Fig. 4 is polarization curves for bare
S 316L and chromized SS 316L (both samples A and B). It is noted
hat chromized SS 316L was in passive state under test condi-
ation profile of Fe and Cr across Cr-rich layer after chromizing process 1 and 2.
Fig. 3. XRD patterns of samples A and B after chromizing process 1 and 2.
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bare SS 316L, because the chromium carbide generated via pack

F

ig. 4. Potentiodynamic polarization curves obtained from bare SS 316L, samples A
nd B.

r-enriched layers make chromized SS 316L in passive state under
imulated PEMFC working condition and therefore protect SS 316L
gainst further corrosion.

To compare the long-term corrosion resistance of chromized SS
16L, potentiostatic tests were conducted under simulated PEMFC
orking condition by applying −0.1 V to anode and 0.6 V to cathode.

he anode was purged with hydrogen gas and cathode was purged
ith air in 0.5 M H2SO4 + 2 ppm F− solution at 70 ◦C. Potentiostatic

urves of samples A and B measured at simulated anode and cath-
de working condition are shown in Fig. 5(a) and (b). From Fig. 5(a),
t can be seen that chromized SS 316L exhibits low and stable cur-
ent densities for an extended period of time that demonstrate the
ffectiveness of chromizing processes in improving the corrosion
esistance of stainless steel. The current density of sample A (about
.5E−8 A cm−2) is about one order of magnitude lower than that
f sample B (about 3.5E−7 A cm−2). These negative current densi-

ies due to the hydrogen gas purged in the solution providing a
eductive environment and then provide cathodic protection for
hromized SS 316L. The corrosion resistance of bipolar plate in
athode environment is worth to pay much attention because the

ig. 5. Potentiostatic curves obtained from samples A and B: (a) at −0.1 V (versus SCE) pu
rces 195 (2010) 2810–2814 2813

corrosion level of bipolar plate in cathode environment is more
severe than that in anode. Potentiostatic curves of chromized SS
316L at cathode condition are shown in Fig. 5(b). The current den-
sity of sample A becomes stabilized quickly at the beginning and
then maintains at a low level (about 6.5E−6 A cm−2), while that of
sample B is not as stable as that of sample A, it takes more time
to obtain steady state. The current density of sample B is around
3.2E−5 A cm−2, which is higher than that of sample A.

Results of potentiostatic tests of bare SS 316L in simulated
PEMFC working conditions are in our early paper [24]. The cur-
rent densities of bare SS 316L in anode and cathode condition are
much higher than those of chromized SS 316L. The low current den-
sities of chromized SS 316L indicate that chromizing treatments
(both lower temperature chromizing treatment and conventional
chromizing treatment) can enhance the corrosion resistance of
SS 316L. In addition, the chromized SS 316L by lower tempera-
ture chromizing treatment exhibits better anticorrosion properties
than that by conventional chromizing treatment. It could be due
to the thicker chromized layer. Therefore, these results provide a
convincing evidence to verify the benefit effect of chromium com-
pounds produced by lower temperature chromizing treatment on
protecting SS 316L against corrosion in a simulated PEMFC working
environment.

3.3. ICR

ICR value of bipolar plate is one of the important parameters for
PEMFC. Because decreasing ICR leads to the inner resistance of fuel
cell to be decreased, and the output of fuel cell increased.

Fig. 6 indicates ICR value of bare SS 316L and chromized SS
316L by different chromizing processes as a function of compaction
force. The decrease of ICR with increasing compaction force is due
to the increasing of real contact area at high-compaction force.
ICR value of chromized SS 316L is obvious lower than that of
bare SS 316L. The ICR value is 13–25 m� cm2 for chromized SS
316L and 45–55 m� cm2 for bare SS 316L at a compaction force
of 100–200 N cm−2. Furthermore, ICR value of sample A is a little
lower than that of sample B. Refer to previous studies [10,25,26],
composition and roughness of the coating are the main factors to
affect ICR. Chromized SS 316L shows lower ICR value than that of
chromization has better conductivity than that of chromium oxide.
In addition, results of XRD and EDS represent that chromium nitride
(Cr2N) is also found in chromized coatings, which contribute to high
conductivity of the coatings as well. Sample A exhibits better con-

rged with hydrogen gas and (b) at 0.6 V (versus SCE) purged with air at 70 ◦C.
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ig. 6. ICR value of bare SS 316L, samples A and B as function of compaction force.

uctivity than that of sample B attributes to a higher content of
hromium nitride. On the other hand, the difference in ICR values
f samples A and B could be due to different roughness of surface.
here is a specific or a range of roughness values, which can result
n optimal lower contact resistance between bipolar plate and car-
on paper. The roughness of sample A must be in the optimal range
f an optimal effect.

. Conclusions

SS 316L with Cr-enriched coating, prepared by lower tempera-
ure chromizing treatment, was tested and evaluated to act as an

lternative material as bipolar plate for PEMFC. Potentiodynamic
olarization results show that the chromized SS 316L exhibits the

owest passive current density about 3E−7 A cm−2 that is about four
rders of magnitude lower than that of bare SS 316L. In potentio-
tatic tests, the chromized SS 316L exhibits the stable corrosion

[
[
[
[

rces 195 (2010) 2810–2814

current density, 7.5E−8 A cm−2 at simulated anode condition and
6.5E−6 A cm−2 at simulated cathode condition. Furthermore, the
chromized SS 316L possess a much lower ICR value than that of
bare SS 316L. The ICR value of bare SS 316L being 45 m� cm2 ver-
sus 13 m� cm2 for the chromized SS 316L under about 200 N cm−2

compaction forces. Hence, the performance of the chromized SS
316L is comparable to that of graphite or noble metals for the
application of bipolar plate for PEMFC. In this sense, the lower
temperature chromizing treatment is considered to be the effec-
tive surface treatment to obtain high performance bipolar plate for
PEMFC.
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