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The influences of Mo on the structure and semiconducting properties of the passive films formed on 18Cr-8Ni
stainless steels (SSs) have been examined by photo-electrochemical spectroscopy (PES) and atomic force
microscopy (AFM). The photocurrent spectra for the passive films formed on 18Cr-8Ni and 18Cr-8Ni-4Mo
SSs could be resolved into two component spectra, each of which was generated respectively by the d-d
and the p-d electronic transitions occurring in the outer iron rich layer consisting of y-Fe;Os; containing
Cr”, and exhibiting n-type semiconducting behavior. The first photocurrent component associated with the
d-d transition exhibited a band gap energy (Ey) of 3.0 eV with a photocurrent peak at 3.9 eV irrespective
of the Mo addition, whereas the second one associated with the p-d transition showed E, between 2.9
and 3.2 eV with a photocurrent peak at 4.2~4.5 eV. The addition of 4Mo to 18Cr-8Ni SS shifted the
photocurrent peak of the second component from 4.2 to 4.5 eV, resulting from the Mo-induced Cr-enrichment
in the passive film. Further, Mo alloyed with 18Cr-8Ni SS made the passive film structurally more amorphous
and chemically more homogeneous when compared in terms of the disorder energy based on the Dunstan
theory and the AFM topography on the passive films of on the two alloys.
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1. Introduction

It is well documented that the addition of Molybdenum
(Mo) increases the resistance to pitting and crevice
corrosion of $Ss."™ This is primarily due to the fact that
Mo improves the stability of the passive film on SSs as
confirmed by the electrochemical responses such as a
reduction in the critical anodic current density, an increase
in the passive range, a decrease in both the passive current
density and the transpassive current density.”

Many researchers have tried to examine effects of Mo
on the structure and composition of passive film on SSs
using ex-situ techniques such as auger electron spectros-
copy and X-ray photoelectron spectroscopy.s's) AES(Auger
electron spectroscopy) depth concentration profiles for the
passive film on SS showed that the passive film consisted
of two layers, one of which, Cr rich layer, was placed
at metal side and the other of which, Fe-rich layer, was
placed at the solution side.” It was reported that an
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addition of small amount of Mo to Fe-Cr SSs increased
both the chromium concentration at the film side of inner
film/metal interface®'"” and also the ratio of Cr.O; oxide
phase to CrOOH or Cr(OH); hydroxide phaselo)’]z)

It is well known that passive film formed on SSs has an
amorphous structure due to an excellent bond flexibility
of Cr, and that the amorphous degree of the passive film
on SSs is increased with Cr content. The passive film on
SS was also reported to have a locally crystalline
structure.” However, the effects of Mo on the amorphous
degree of passive film on SS have not yet been clarified.
Most of the results on the passive film of SSs, mentioned
above, were obtained by ex-situ techniques, which may
not reveal the real aspects of the structure and composition
of the passive film formed on SS since the nature of
passive film is likely to be changed when removed from
solution for an ex-situ examination. PES is a powerful
in-situ technique for characterizing electronic and/or
optical properties of passive film on SS, and has been
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developed on the basis that passive film on SS exhibits
semiconducting characteristics. Although Mo as an alloy-
ing element affects significantly the composition and
structure of the passive film on SS, the influences of Mo
on the photoelectrochemical response of the passive film
on SS have been rarely studied.

The research objective of the present work is to examine
the effects of Mo on the electronic properties of the passive
film on austenitic SS by PES, with focussing on the Mo
effects on the structural and chemical homogeneity of
passive film,

2. Experimental procedures

Fe-18Cr-8Ni and Fe-18Cr-8Ni-4Mo were made by
vacuum arc melting and then cast in a form of button.
The cast was homogenized for 100 min at 1200 C, and
then hot rolled into a 3 mm thick plate. Specimens were
prepared by cold rolling the hot rolled plates into 1.5 mm
thick sheets and solution annealing for 20 minutes at 1050
‘C, followed by water quenching, The specimens were
mounted in an epoxy and sealed by silicone with an area
of 10 mm”, which was necessary to reduce the back current
for the photocurrent measurement, and polished with SiC
paper to #2000 grit. The solution used for all the experi-
ments was a pH 8.5 buffer solution prepared by mixing
0.2 M boric acid and 0.05 M citric acid with 0.1 M tertiary
sodium phosphate solution,"” Specimens were cathodi-
cally cleaned for 10 min at -1.0 V in the solution to remove
the air-formed film before potentiostatically forming
passive film. All the experiments were performed at room
temperature. All the potentials were referred to the satu-
rated calomel electrode (SCE). The potentiodynamic po-
larization response for the specimens was monitored under
a scanning rate of 0.5 mV/s using a conventional po-
larization cell.

A conventional three electrode cell of 1 L-multineck
flask with a quartz window as a photon inlet was used
for the measurement of photocurrent for the passive film
that has been formed potentiostatically for 24 hours. A
300W Xenon arc lamp combined with a scanning digital
monochromator was used to impose a monochromatic
illumination to the working electrode. The monochromator
was controiled at a scanning rate of Inm/s by stepping
motor, which made it possible to provide automatically
the monochromatic photons with 200 to 800 nm wave
length to the working electrode. To increase the photon
flux, white light from the Xe lamp was focused to the
light inlet using two auxiliary focusing lenses. For AFM
observation on the surface of passive film, the samples
were polished to 1 p#m in order to avoid scratch visua-
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lization on the scan range (5 g#m?). Passive film grown
at 200 mVscg were rinsed in acetone, and then directly
observed with non-contact AFM equipment.

3. Results and discussion

3.1 Potentiodynamic polarization response

Fig. 1 shows potentiodynamic curves of 18Cr-8Ni and
18Cr-8Ni-4Mo SSs in the pH 8.5 buffer solution. Evi-
dently, the current density of 18Cr-8Ni-4Mo S8 is slightly
lower than that of the alloy without Mo, exhibiting a
formation of more stable passive film on the alloy with
4Mo. The current density increased slightly at potentials
above 0.5 Vgcr due to Cr transpassivation, For photo-
current measurements, XPS, and AFM, passive film was
potentiostatically formed on the two alloys at a stable
passive potential of 200 mVsce.
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Fig. 1. Potentiodynamic polarization responses for Fe-18Cr-8Ni
and Fe-18Cr-8Ni-4Mo SSs in the pH 8.5 buffer solution at 25
c.

3.2 Photocurrent electrochemical spectroscopy

In order to examine the electronic and structural pro-
perties of the passive film, photocurrent spectra for the
passive film on the two SSs were measured as a function
of photon energy. Fig. 2 and 3 shows photocurrent spectra
for the passive films formed on 18Cr-8Ni and 18Cr-
8Ni-4Mo, at 200 mVsce. Anodic photocurrent for the two
alloys reflects that the passive films formed on the two
alloys are an n-type semiconductor. Each photocurrent
spectrum appears to be composed of 2 spectra, each of
which is associated with a specific electronic transition
with specific band gap energy. By assuming that the each
photocurrent spectrum follows a gaussian distribution, the
photocurrent spectra for the passive film on the alloys can
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be resolved into two components, as shown in Fig. 2 and
3. The photocurrent spectrum for the passive film on
18Cr-8Ni SS was resolved into two components with
photocurrent peak at 3.85 and 4.2 eV, whereas that for
the alloy with 4Mo with photocurrent peaks at 3.9 and
4.5 eV. Compared with the photocurrent spectra for the
passive film formed on Fe under the same condition as
employed in this study, the photocurrent spectra for the
passive films on 18Cr-8Ni SSs resembled for Fe,
reflecting that the photocurrent behavior of the passive
film on 18Cr-8Ni SS is dominated by the outer Fe-rich
layer of the passive film rather than Cr-rich inner layer.
It was reported in the previous studym that the first and
the second photocurrent peak at 3.9 and 4.3 eV were

Buffer Solution pH 8.5
40— Film Formation Potential = +200mV/SCE
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Fig. 2. Photocurrent spectra for the passive film formed on
Fe-18Ni-8Crat+ 200 mV/SCE in deaerated pH 8.5 buffer solution,
and its resolution into its component spectrum.
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Fig. 3. Photocurrent spectra for the passive film formed on
Fe-18Ni-8Ni-4Mo at + 200 mVsce in deaerated pH 8.5 buffer
solution, and its resolution into its component spectrum.
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generated respectively by the d-d transition involving an
electronic transition from Fe’* band to Fe*" band and the
p-d transition involving the electronic transition from the
valence band (O-2p) to the conduction band (Fe-3d) that
occur in p-Fe,O; of the passive film on Fe.

The normalized photocurrent spectra for the passive
films formed on the two alloys were compared in Fig.
4. It is noted that the first peak generated by an electronic
transition between Fe ions significantly decreased by the
addition of Mo to 18Cr-8Ni, which could be attributed
to the fact that the passive film on the alloy with 4 Mo
contains less Fe ions. Another point to be noted is the
shift of the second peak to high photon energy region;
4.2 eV for 18Cr-8Ni, and 4.5 eV for 18Cr-8Ni-4Mo.
Analytical studies have shown that passive film on SSs
contains Cr ions as well as Fe ions.”™ Thus, Cr ions pre-
sumably participating in the p-d transition may shift the
current peak to high photon energy region because Cr has
higher bonding energy with oxygen than does Fe. These
results imply that the passive film on Fe-18Cr-8Ni-4Mo
contains higher concentration of Cr ions in the passive
film than Fe-18Cr-8Ni, thereby resulting in the shift of
the photocurrent peak.

In order to examine the origin for the shift of the pho-
tocurrent peak to high photon energy region, we immersed
18Cr-8Ni SS in a 50 vol. % nitric acid solution for one
hour to increase the Cr content in the passive film,'"® and
then measured the photocurrent at 200 mVscg in the pH
8.5 solution. Fig. 5 compares the normalized photocurrent
spectra for the passive films formed on the alloy with and
without pre-acid treatment. It is significant that the pho-
tocurrent spectrum for the alloy subjected to the pre-acid
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Fig. 4. Normalized photocurrent spectra for the passive films
on Fe-18Cr-8Ni and Fe-18Cr-8Ni-4Mo polarized for 24 hrs. at
+200mVgcr in pH 8.5 buffer solution.
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Fig. 5. Effects of pre-acid treatment on the photocurrent spectrum
for the passive film on Fe-18Cr-8Ni in pH 8.5 solution; the
pre-acid treatment was done by exposing the alloy to 50% HNO3
solution for 1 hour.

treatment was very similar to that for 18Cr-8Ni-4Mo S§;
an appearance of two peaks at 3.9 and 4.5 eV, the decrease
of the first peak intensity and the shift of the photocurrent
peak to high photon energy region. Thus, the resuits
suggest that higher Cr content in the passive film on the
Mo containing alloy was responsible for the reduction in
the photocurrent of the first peak as well as the shift of
second peak.

3.3 Band gap energies determination

The absorption coefficient, @, of a crystalline material
depends on the photon energy according to equation (1):

a = A(hv ~ E.)"hv (H

where A is a constant, and E, the band gap energy. For
crystalline semi-conductors, n depends on the electron
transition type; 1/2 for direct transition, and 2 for indirect
transition. However, 2 has been mostly preferred to
analyze the passive film."” The E, for the passive film
can be determined from the (Ishy )’ *vs. hv plot, provided
that the photocurrent (ipn) for the film is proportional to
the absorption coefficient, and is estimated at the photon
energy value where the iy equals 0.

From the each resolved photocurrent spectra for Fe-
18Cr-8Ni-4Mo alloy, the E, has been determined to be
3.00 eV and 3.16 eV respectively for the first and the
second spectrum as shown in Fig. 6. The E; for the first
spectrum were 3.0eV irrespective of the Mo addition or
the pre-acid treatment. This implies that the d-d transition
is not affected by the Cr content in passive film.
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Fig. 6. Determination of the optical band gap energy for the
passive film formed on Fe-18Ni-8Cr-4Mo SS at 200 mVsce in
pH 8.5 buffer solution.
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Fig. 7. Decrease in the peak photocurrent with polarization time
at 200 mVsce for the passive film formed on pre-acid treated
18Cr-8Ni SS.

3.4 Effects of polarization time

Fig. 7 shows that the peak photocurrent for the pre-acid
treated 18Cr-8Ni sample decreased from 120 nA to 40
nA with polarization time at 200 mVsce. The decrease
in the peak current with the polarization time was also
observed for the alloy without pre-acid treatment. The
decrease of photocurrent with aging is thought to be due
to the substitution of Cr for Fe in p-Fe;O; consisting of
the outer passive layer. On the other hand, the passive
film formed on Fe-18Cr-8Ni in pH 8.5 buffer solution
consists of »-Fe;Os containing Cr’’, which reduces in-
tensity of photocurrent. Thus, increase in Cr content in
the passive film by pre-treatment in nitric acid solution
or by addition of 4Mo to Fe-18Cr-8Ni could reduce the
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intensity of photocurrent.

3.5 Amorphous state of the film (Dunstan theory)

Dunstan reported that the fluctuation behavior of the
E; of a semiconductor was associated with its structural
disorder,'” and suggested a new material constant (E,) in
amorphous semiconductors that is the sum of the optical
band gap (E.) and the disorder energy (1/8);

Eo = Eog + l/ﬁ

According to his model, E, has a constant value for
a crystalline semiconductor without any crystal defect by
assuming that that the structural disorder of amorphous
semiconductor is not influenced by a direct interaction
with electronic states, but only by a microstrain field.

The disorder energy is determined by the exponential
absorption tail observed below the intrinsic absorption
edge in amorphous semiconductors, described by: a(hv)
= exp(Bhy). The value E,; = Eo-1/8 represents the de-
pendence of the E; on the disorder. Assuming the pho-
tocurrent is proportional to the absorption coefficient, the
value of 8 was determined to be 200 meV from the plot
of In (im;n) vs. photon energy as shown in Fig. 8. The
disorder energy of 200 meV corresponds to a high amor-
phous state.

Similarly, the average disorder energy for the passive
film on18Cr-8Ni-4Mo SS materials was determined to be
3.2 eV that is about 0.07 eV higher than that for the alloy
without Mo. The results suggest that the passive film
formed on the alloy with 4 Mo is more amorphous or
more disordered than that on the alloy without Mo.

It is well known that with an increase in the Cr content,
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Fig. 8. Evaluation of the disorder energy from the plot of In

(ipn) vs. hy for the passive films on Fe-18Cr-8Ni polarized for

24 hrs. at +200mVsee in pH 8.5 buffer solution
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the structure of passive film formed on SSs gets more
amorphous due to a bond flexibility of Cr."” Thus, the
increase in the average disorder energy or in the amor-
phous degree of the film formed on the alloy with 4 Mo
appears to be associated with the Mo induced Cr enri-
chment in the passive film as was mentioned in the
previous section based on the similarity in the photocurrent
spectra for the passive films between 18Cr-8Ni-4Mo SS
and the pre-acid treated 18Cr-8Ni SS.

3.6 Atomic force microscopy

In consideration of the influences of Mo on the Cr
content and amorphous nature of passive film on SS, Mo
alloyed in SS may also modify the topography of passive
film on SS. Fig. 9 shows AFM three dimensional images
on the surface of passive film grown respectively on
18Cr-8Ni and 18Cr-8Ni-4Mo alloys polarized for 24 hr
at 200 mVsce in pH 8.5 buffer solution. The AFM images
for the passive films demonstrated that there is a signi-
ficant difference in the topographical structure of passive
film between the two alloys. The surface of passive film
on the alloy without Mo exhibited a large number of peaks
higher than 500 A with an average roughness of 200 A,
whereas that on the alloy with 4Mo showed more smooth
surface with an average roughness of 87 A and all the
peaks lower than 200 A.

(b)

Fig, 9. Three-dimensional AFM topography for the passive films
formed on 18Cr-8Ni (a)and 18Cr-8Ni-4Mo (b) alloys. The passive
films were grown for 24 hr at 200m V¢ in pH 8.5.buffer solution.
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The high and localized peaks observed on the surface
of the passive film on the alloy without Mo appears to
be associated with electroactive defect sites in the film,
as observed also previously on the surface of passive film
iron.” Such electrochemically active sites might be for-
med due to heterogeneity in the concentration of iron in
the passive film, and be susceptible to pit nucleation in
a corrosive environment. On the other hand, the smooth
topography of the passive formed on the alloy with 4 Mo
demonstrates that Mo alloyed with SS cause the passive
film to be chemically homogeneous as well as to be
structurally amorphous.

4. Conclusions

1) The photocurrent spectra for the passive films formed
on 18Cr-8Ni SS and 18Cr-8Ni-4Mo SS were dominated
predominantly by those for the outer iron rich layer with
7-Fe>0; containing Cr”, and exhibiting n-type semicon-
ducting behavior. The photo current spectra for the passive
films on both SSs could be resolved into two components
of photo-current spectrum, each of which has photocurrent
peaks respectively at 3.9 eV and 4.2~4.5 eV.

2) The resolved photocurrent spectrum comprising the
first photocurrent peak at 3.9 eV was generated by the
d-d transition from Fe’* band to Fe*" band, and exhibited
E, of 3.0 eV irrespective of Mo addition, while the second
resolved spectrum comprising the photocurrent peak at
4.2~4.5 eV was generated by the p-d transition, and ex-
hibited an E; between 2.9 and 3.2 eV.

3) The shift of photo current peak to the region of high
photon energy by the addition of 4 Mo to 18Cr-8Ni SS
was associated with the Mo induced Cr enrichment in the
passive film on SS.

4) Mo alloyed with 18Cr-8Ni SS caused the passive
film to be structurally more amorphous and chemically
more homogeneous when evaluated in terms of the
disorder energy based on the Dunstan theory and the AFM
topography for the passive films on the two alloys
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