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Effects of Al, Si and Mo on Passivation Characteristics of Fe-10Cr Alloys *!
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A study has been made on the effects of Al, Si and Mo on anodic polarization characteristics of Fe—10Cr alloys in 0.05-1.0 kmol-m~3.
H>SO4 and NaCl solutions. Potential decay curves have also been measured in order to evaluate the stability of the passive films formed on
Fe—-10Cr alloys containing Al, Si and Mo. The analysis of the chemical composition of the passive film has been carried out by AES and XPS.
The addition of Mo was very useful to decrease the critical passivation current density of Fe—10Cr alloys which contained Al and Si. The
passive current density decreased with addition of 2 mass%Mo to Fe~10Cr—38Si alloy, while it increased in Fe—-10Cr-3Al alloy. Pitting potential
was moved toward the noble direction by the addition of Mo, except for the case of Fe-10Cr—3Al-3Si-2Mo alloy. It seems that Laves phase
(Fe;Mo) was precipitated in this alloy, and Mo-depleted zone was formed locally. The potential decay time of the passive film was increased by
the addition of Al, Si and Mo to Fe—10Cr alloys. Two step potential decay curves were obtained in Si-containing alloys, and this behavior of the
decay curve was shown more clearly in Fe-10Cr—3Si—2Mo alloy. The results of AES and XPS analysis indicated that Cr and Al concentrated
in the passive film of Fe—10Cr—Al alloy. In the case of Fe—10Cr—Si alloy, Si concentrated in the surface region of the film and Cr in the internal
region of the film. The confirmation was not possible for the enrichment of Mo in the passive film.
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1. Introduction

The possibility of the development of Cr-saving ferritic
stainless steel in which a part of Cr is substituted by Al and/or
Si was presented in our previous papers.? It was found that
alloying of 3 mass% (%) Al or 3%Si to Fe~10Cr alloy was
very beneficial in improving passivating characteristics and
pitting resistance, which were comparable or better than those
of 12%Cr stainless steel.

Mo is well known as a very effective alloying element to
improve the corrosion resistance especially to increase the pit-
ting corrosion resistance of stainless steels.>% Most of the re-
search on the effect of Mo on corrosion resistance has been
directed to relatively high Cr steels such as 19Cr-2Mo in fer-
ritic stainless steels.””” However, very little work is available
on the low Cr steels under 12%Cr. It is worthwhile to discuss
the effect of Mo on the corrosion resistance of the Cr-saving
ferritic stainless steel in terms of technology, although Mo is
valuable metal to be conserved the resources.

A large number of researches®™!? have been carried out on
the passivation phenomena of metals and alloys. The passive
film of the stainless steel is usually very thin about 1-5nm in
thickness,'? and Cr is concentrated in the film.!2>"¥ The cor-
rosion resistance is maintained by the protective effect of hy-
dration Cr oxide and Cr oxyhydroxide film.!>1® In Fe-10Cr
alloy, the formation of passive film is considered to be imper-
fect because of insufficient Cr content to produce protective
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Cr compounds. Therefore, it becomes notable whether the
addition of Al, Si and Mo enables the reinforcement of the
passive film.

A study was made on the effect of Al, Si and Mo on the
anodic polarization and pitting corrosion of Fe~10Cr alloys
with Al and Si in H,SO,4 and NaCl aqueous solutions. The
measurement of the potential decay curve was also done to
evaluate the stability of the passive film by the addition of the
alloying elements. In addition, the chemical composition of
the passive film was analyzed by Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS).

2. Experimental Procedures

The alloys were prepared by vacuum arc melting as but-
ton ingot from electrolytic iron, ferrochrome, pure aluminum,
metallic silicon and metallic molybdenum. These button in-
gots of about 200 g weight were hot-pressed at 1473 K into
about 4 mm thick plates, then annealed at 1073 K for 1.8 ks.
Chemical compositions of the alloys are listed in Table 1.
Specimens for the electrochemical measurement were cut into
a plate of 10mm x 10mm and embedded in epoxy resin.
These specimens were mirror-finished with alumina suspen-
sion. Ultrasonic cleaning was carried out in pure water.

Potentiodynamic anodic polarization curve was measured
on each alloy from the corrosion potential at a sweep rate of
1 mV-s~! in 0.05-1 kmol-m~—3 H,S0Oy solution. The potential
was measured with respect to a saturated calomel electrode
(SCE), and Pt was used as a counter electrode. Prior to the
polarization curve measurement, a specimen was cathodically
polarized at —0.7 V for 0.6 ks, then kept at an open circuit po-
tential for 0.6ks. Pitting potential of various alloys was es-
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Table 1 Chemical composition of Fe—10Cr alloys.

(mass%)
Samples C Cr Al Si Mo Fe
Fe-10Cr 0.003 10.00 < 0.01 < 0.01 < 0.01 Balance
Fe-10Cr-3Al 0.007 10.06 2.94 < 0.01 < 0.01 Balance
Fe~10Cr-3Al-1Mo 0.005 10.05 2.98 < 0.01 1.04 Balance
Fe-10Cr-3Al-2Mo 0.005 10.05 2.98 < 0.01 2.07 Balance
Fe-10Cr-3Si 0.005 10.03 < 0.01 2.88 < 0.01 Balance
Fe-10Cr-2Mo 0.002 10.04 < 0.01 < 0.01 2.00 Balance
Fe-10Cr-3Si-2Mo 0.004 10.05 < 0.01 2.96 2.03 Balance
Fe-10Cr-3A1-3Si 0.007 10.07 2.96 2.98 < 0.01 Balance
Fe—10Cr-3Al-3Si-1Mo 0.008 10.06 3.06 3.00 1.04 Balance
Fe-10C-3Al1-3Si-2Mo 0.004 10.05 3.06 2:96 2.03 Balance
Fe-10Cr-5Al 0.008 10.04 4.96 < 0.01 < 0.01 Balance
Fe-10Cr-5Si 0.006 10.02 < 0.01 4.84 < 0.01 Balance
timated in 3.5% and 0.05—-1 kmol-m~3 NaCl solution. Speci- 10° T T ] T ™3
mens were immersed in the solution for 0.6 ks, then polarized - \ Ty
from the corrosion potential at a sweep rate of 0.33 mV-s~!. Q 5 i “ ,\ | Fe-10Cr-3Al 7
The potential at which the current density reached at 1 A-m™2 g 10° “ ‘_‘;I;::{ggjgﬁ}:%g E
was taken as the pitting potential. H,SO4 and NaCl aque- § - \ | ----Fe-10Cr-2Mo ]
ous solutions were deaerated by bubbling N, gas for 1.8 ks, > 10° B __
followed by continuous purging during the above-mentioned = 3
tests. Temperature of the solutions was held at 303 K. 5 2 U Y A ]
The time to breakdown passive film was measured in A 10°L .
0.05 kmol-m~3 H,S0O, solution deaerated by N, gas at 300 K. ;G: r E
The specimen was polarized at 0.75 V for 0.3 ks to form pas- E r ]
sive film. After that, the circuit was open, and the passive film QO 10'1 3 N =
began to deteriorate, which gradually decreased the potential. 3
The change in the potential with this destruction of the passive - 1
film was recorded. 10 ' ' ' :

The composition in the depth direction of a passive film of
Fe—10Cr alloys containing Al, Si or Mo was analyzed by an
Auger electron spectrometer (AES) and X-ray photoelectron
spectroscopy (XPS). The AES analysis was made in the inte-
gration mode. The Auger peaks recorded were Fe (LM2),
Cr (LM2), Al (KL1), Si (KL1), Mo (MN2) and O (KL1).
The content of each element was determined quantitatively
by multiplying the intensity of each peak by the relative sen-
sitivity factor. The acceleration voltage and the current of the
primary electron beam were 10kV and 30 nA, respectively.
The acceleration voltage and the current of the Ar™ sputtering
beam were 3kV and 1.5 LA, respectively. Art sputtering rate
was equivalent to 0.083 nm-s~! in Si0,. On the other hand,
in the XPS spectrometer an Al-Ko X-ray source was used
with the acceleration voltage of 15kV and the emission cur-
rent of 20 mA. The Ar™ sputtering beam was similarly with
the AES analysis, and Ar™ sputtering rate was equivalent to
0.017 nm-s~! in SiO,. For both the AES and XPS analyses,
the background pressure in the test chamber was 5 x 1078 Pa,
and was 4 x 107 Pa after high-pure Ar gas was introduced
for sputtering. The specimens for these analyses were pol-
ished using No. 1200 emery paper with water, degreased in
acetone, and passivated in 30%HNOj3 solution at 303 K for
3.6ks.
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Fig. 1 Effects of Al and Mo on the anodic polarization curves of Fe~10Cr
alloys in 0.5 kmol-m~ H,SOy solution at 303 K.

3. Results and Discussion

3.1 Anodic polarization curve and pitting potential

The effect of Al and Mo on the anodic polarization curves
of Fe~10Cr alloys in 0.5 kmol-m~3 H,SOy solution is shown
in Fig. 1. It is indicated that the addition of Mo decreased
the critical passivation current density (ici) of Fe—10Cr al-
loys. It should be noted that this beneficial effect of Mo was
also presented in relatively low Cr steels, as well as high Cr
steels.'”-!®) The second peak observed at the high-potential
side in the active region of Fe—10Cr alloys as reported in the
previous paper? is again observed in the Fe~10Cr—2Mo alloy.
The addition of Mo has no effect to suppress the second dis-
solution, which is known as the selective dissolution of Fe.!?
The passive current density (ipass) of the Fe—10Cr-3Al alloy
was decreased by the addition of 1%Mo, but it maintained a
similar ip,g value by the addition of 2%Mo. About the same
ipass values were observed in both the Fe-10Cr-3Al-1Mo and
Fe-10Cr-2Mo alloys. Here, the lowest current density ob-
served in the passive region is designated as the ipags value.

The effect of Al and Mo on the anodic polarization curves
of Fe—10Cr-3Si alloys in 0.5 kmol-m™~3 H,SOQy solution is in-
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dicated in Fig. 2. The addition of 2%Mo to the Fe—-10Cr-3Si
alloy or 1%Mo to the Fe-10Cr-3Al-3Si alloy results in the
decrease of the i to nearly the same level. On the contrary,
the ipaes of Fe—10Cr—3Si alloys seems to be increased by the
addition of Mo and Al. A rapid increase of the current density
in the transpassive region was induced by the action of Si, and
the addition of Mo enhanced this tendency.

In Fig. 3, the relationship between the concentration of
H,S0; (Cu,s0,) and the iy value is plotted on a log scale. It
is confirmed that the linear relationship was obtained between
these two values. The following equations were derived for
each alloy.

Fe-10Cr-3Al-1Mo

log(icrit) = 0.491og(Chys0,) + 2.2 (€Y)
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Fig. 2 Effects of Al and Mo on the anodic polarization curves of
Fe—10Cr-3Si alloys in 0.5 kmol-m~3 H,SO, solution at 303 K.
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Fig. 3 Relationship between the concentration of HySOy4 and the critical
passivation current density for Fe—10Cr—3Al-1Mo, Fe-10Cr-3Al-2Mo,
Fe—-10Cr-3Si-2Mo, Fe~-10C-3Al-3Si-1Mo and Fe-10Cr—2Mo alloys in
H>S04 aqueous solution at 303 K.
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Fe-10Cr-3Si—2Mo
log(icrt) = 0.461log(Ch,s0,) + 1.9 3)
Fe—-10Cr-3Al-3Si-1Mo
log(icrit) = 0.4610g(Chys0,) + 1.9 4)
Fe—-10Cr-2Mo
log(icrit) = 0.4910g(Ch,s0,) + 2.2 )

It is noted that the gradient (the dependence of H,SO4 con-
centration) of each alloy became nearly equal by the alloy-
ing of Mo. This gradient of Fe—10Cr alloy, as previously re-
ported,? was changed by the addition of Al and Si, as shown
in the following equations.

Fe-10Cr

log(ieat) = 0.68 log(Cr,s0,) + 3.1 ©)
Fe-10Cr-3Al

log(iert) = 0.8810g(Cis0,) + 3.0 %
Fe-10Cr-3Si

log(icre) = 0.71108(Cinys0,) + 2.7 ®)
Fe—-10Cr—3Al1-3Si

log(icrit) = 0.6910og(Cry,50,) + 2.6 9

That is to say, the alloying of Mo is effective to reduce the
dependence of the iy upon the H,SO4 concentration in the
Fe—10Cr—Al and Fe—10Cr-Si alloy system.

Figure 4 shows the effects of the H,SO4 concentration on
the ipass for various alloys in terms of the relationship between
log (Cu,s0,) and 10g (ipass)- The ipa6 value of alloys tested in-
creased linearly with increasing H,SO4 concentration except
the Fe-10Cr-3A1-2Mo alloy. The rate of increase in ipass
became larger as the H,SO4 concentration increased for the
Fe—10Cr-3Al-2Mo alloy. With respect to the dissolution of
Mo in aqueous solutions, it was dissolved as Mo(VI) ion re-
gardless of the kind of aqueous solutions,?*?! and Nakamura
and Haruyama®? pointed out that Mo in 0.5 kmol-m~ H,SO,
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Fig. 4 Relationship between the concentration of HySO4 and the
passive current density of Fe-10Cr-3Al-1Mo, Fe-10Cr—3Al-2Mo,
Fe-10Cr-3Si-2Mo, Fe-10Cr-3Al-3Si~1Mo and Fe-10Cr-2Mo alloys in
H,S04 aqueous solution at 303 K.
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solution was dissolved as HMoO, . In the present study, Mo
is considered to be dissolved as HMoO, in a passive region
of the Fe-10Cr—3Al-2Mo alloy, resulting in the increase of
current density. However, the role of Al to accelerate the dis-
solution of Mo is not clear, and it should be clarified in a
further investigation. In addition, these tendencies were not
observed when 2%Mo was added to the Fe—-10Cr-3Si alloy.
In this case, the observed relationship was similar to that in
the Fe—10Cr—2Mo alloy. These results suggest that Si does
not affect the dissolution of Mo.

The pitting potential of each alloy in 3.5%NaCl solution is
summarized in Fig. 5. The combination of alloying of Al with
Mo to Fe—10Cr alloy was useful to move pitting potential to
noble direction, and the addition of Si and Mo was more ef-
fective to obtain higher pitting potential. The pitting potential
was reached to the most noble value by combined addition
of Al, Si and Mo to Fe—10Cr (Fe-10Cr—-3A1-3Si—1Mo) alloy.
The reason why the pitting potential increases with the addi-
tion of Mo in NaCl aqueous solution is considered to be as fol-
lows. Mo dissolves as MoOZ~ and forms a selective layer of
anions at the outermost layer of the passive film, which sup-
presses the attack of C1~ ions,?>2% resulting in the increase of
corrosion-suppression effect. Conversely, the pitting potential
of Fe-10Cr-3Al1-3Si alloy was decreased by 2%Mo because
of the formation of Laves phase, discussed later.

The effect of the NaCl concentration on the pitting potential
is shown in Fig. 6. Generally, there is the following relation
between the concentration of anion and pitting potential.>>

Epi = A — Blog(Cx-) (10)

E is pitting potential in halide ion X, Cx- is concentration
of X~, and A and B are constants. The relationship between
the pitting potential and the C1~ concentration in each alloy is
expressed as the following equation in this experiment.

Fe-10Cr-3Al-1Mo

Epit = —0.095 — 0.261log(Cc-) (1
Fe-10Cr-3Al-2Mo
Epi = —0.078 — 0.2710g(Cqr-) 12)
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Fig. 5 Effects of Al, Si and Mo on the pitting potential of Fe—10Cr alloys
in 3.5 mass%NaCl solution at 303 K.
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Fe-10Cr-3Si-2Mo

Epie = +0.14 — 0.241og(Ccr-) (13)
Fe-10Cr-3Al1-3Si-1Mo

Egie = +0.078 — 0.21log(Ccy-) 14
Fe—-10Cr—2Mo

Epie = —0.10 — 0.26 log(Ccy-) 5)

The relationship between the pitting potential and the ClI~
concentration of the Fe—18Cr—8Ni alloy in NaCl aqueous so-
lution has been presented by Shiobara and Morioka?® as fol-
lows.

Epie = +0.48 — 0.2210g(Ccy-) (16)

The gradient of C- dependence for Fe—10Cr—3Si-2Mo and
Fe—-10Cr-3Al1-3Si~1Mo alloys which showed excellent cor-
rosion resistance was comparable with that of the eq. (16).
It is considered that combined addition of Al, Si and Mo of
proper quantity to Fe—10Cr alloy has similar effect on the
combination alloying of 18Cr with 8Ni to Fe base in the pit-
ting corrosion behavior in NaCl aqueous solution. Further
investigation should be needed to make clear the role of com-
bined addition of Al, Si and Mo in the pitting corrosion resis-
tance from this point of view.

3.2 Potential decay curve

Figure 7 indicates the potential decay curves of alloys
tested. The potential decay time of the passive film formed
on the Fe—10Cr alloy was prolonged by the addition of 3%Al.
The potential decay was prolonged further by the addition of
3%Si, and modified into a two-step process. The addition of
Mo was effective in increasing the potential decay time of the
Fe—-10Cr-3Al and also the Fe—10Cr-3Si alloy, and changed
the decay into two-step process. The decay time of the second
step was extremely prolonged in the Fe-10Cr-3Si—2Mo al-
loy. The tendency of two-step decay was also observed in the
Fe—10Cr—2Mo alloy, in which only Mo was added. It is sug-
gested from these results that there is a difference of the struc-
tural characteristics of passive film between the Fe—10Cr-Si
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Fig. 6 Relationship between the concentration of NaCl and the pitting
potential of Fe—10Cr-3Al-1Mo, Fe-10Cr-3Al-2Mo, Fe-10Cr-3Si-2Mo,
Fe-10C-3A1-3Si-1Mo and Fe-10Cr-2Mo alloys in NaCl aqueous solu-
tion at 303 K.
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Fig. 7 The potential decay curves after passivation at 0.75 V (vs. SCE) for
0.3ks in 0.05 kmol-m > H,S0y4 solution at 300K.

or —Mo alloy and the Fe—10Cr—Al alloy.

Figure 8 illustrates the potential decay times of passive
films on various alloys obtained from the results of the po-
tential decay curves. The potential decay time of passive
film was prolonged when Mo was added to the Fe—10Cr—3Al
or Fe-10Cr-3Si alloy. The best film stability was obtained
in the Fe—10Cr-3Si-2Mo alloy as shown in Fig. 8. In the
case of Fe—10Cr-3Al-3Si alloy, however, addition of 1%Mo
prolonged the potential decay time, but conversely, it was
shortened by the addition of 2%Mo. This tendency is sim-
ilar to the results of pitting potential described before. To
make clear the effect of Mo, the alloy phase and microstruc-
ture were examined. Figure 9 shows a phase diagram of the
Fe—10Cr-3Al-3Si—xMo system which was obtained using in-
tegrated thermodynamics calculation software (Thermo-Calc:
Royal Institute of Technology).?”” The region of precipita-
tion of Laves phase (Fe,Mo) extends to high-temperature
side and the precipitation is easy to occur as the Mo con-
tent increases. Figure 10 shows the EPMA observation of
the Fe—-10Cr--3A1-3Si—2Mo alloy. In the SEM image, precip-
itates of 1 um in size were observed along the grain bound-
aries. Since Mo was detected in these precipitates and tak-
ing the phase diagram shown in Fig. 9 into consideration,
these precipitates are thought to be the Laves phase of Fe,Mo.
The inhomogeneous nature of these precipitates as well as
the consumption of Mo is speculated to cause the deterio-
ration of the corrosion resistance of the Fe-10Cr-3Al-3Si-
2Mo alloy. Iseda et al.?® reported that the solubility limit of
Mo decreases with increasing Si content in 9Cr—2Mo steel.
Miyahara et al.?® also mentioned that an increase in the
Si content promoted the precipitation of the Laves phase in
Fe-10Cr-Mo alloy. In the present study, the role of Al must
be also considered in the precipitation of Laves phase. The
corrosion resistance increased when 2%Mo was added to
the Fe~10Cr-3Si alloy, but it deteriorated when 2%Mo was
added to the Fe~10Cr-3Al-3Si alloy. This deterioration was
supposed to be due to the precipitation of the Laves phase.
Whether or not Al (in addition to Si) is involved in the precip-
itation of the Laves phase is an issue that remains to be solved
in the future in these alloy system.
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Fig. 9 Phase diagram of Fe-10Cr—3Al-3Si—xMo alloy system.

3.3 Analysis of passive film

The chemical compositions of passive film were analyzed
with AES for the Fe—10Cr—5Al and Fe—-10Cr-5Si alloys in
which the Al or Si content was relatively high because of the
convenience of analysis of the thin film. The concentrated Cr
and Al were observed on the most surface layer in the passive
film of Al-added alloy as shown in Fig. 11. In contrast, a large
amount of Si concentrated on the surface and Cr concentrated
in shallow interior region in the Si-added alloy. The concen-
tration of Mo in the passive film was not confirmed in the Mo-
added alloy by AES analysis. With respect to Mo in a passive
film in stainless steel, the presence was also hardly observed
by AES in the previous papers.*3%3D Figure 12 shows the
chemical shifts in the kinetic energy of the Auger electrons of
the Al or Siion in the depth direction. The peaks in the kinetic
energy of pure Al and Al,O; were measured at 1398 eV and
1390 eV, respectively. Up to a sputtering time of 60 s, the peak
of the kinetic energy of Al for the Fe-10Cr—5Al alloy exhib-
ited a value similar to that of Al,O3. At periods after 60s, it
became constant and closer to that of pure Al, suggesting that
chemical compounds of Al were formed at the surface. As for
pure Si and SiO,, their peaks of kinetic energy were measured
at 1622 eV and 1612 eV, respectively. The peak of the kinetic
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Fig. 10 A SEM image (a) and a Mo map (b) obtained by EPMA analysis
of Fe—10Cr-3Al-3Si-2Mo alloy.

energy of Si for the Fe—10Cr-5Si alloy was observed at the
value similar to that of SiO, near the surface, and it closed to
that of pure Si after sputtering for 20 s or longer. These results
suggest that Si compound would be formed at the surface.
Figure 13 shows the results of XPS analyses for Al, Si, Cr
and Mo in the passive films of Fe—~10Cr—3Al, Fe-10Cr-3Si
and Fe-10Cr—2Mo alloys. In the Al 2p spectrum of the pas-
sive film of Fe-10Cr-3Al alloy, a main peak was positioned at
approximately 75 eV on the surface of the passive film, which
may correspond to the peak of AI**.*? In addition, a peak
corresponding to the metallic state was observed at approxi-
mately 72.9eV.>¥ After sputtering the passive film for 270 s
by Ar ions, the value of the peak for metallic state increased
and the value of the peak at 75eV decreased. In the Si 2p
spectrum of the passive film of Fe-~10Cr-3Si alloy, a main
peak which was considered to correspond to Si** was ob-
served at approximately 103 eV. The intensity of the peak at
approximately 99.3 eV33 corresponding to the metallic state
was relatively low. The reverse tendency was observed in the
interior. In the Cr 2p3/2,1/2 spectrum of the passive film of
Fe~10Cr-3Al alloy, two peaks at 577 eV and 587eV corre-
sponding to Cr** on the surface of the film shifted to those
at 574 eV and 583 eV corresponding to the metallic state after
sputtering for 270s. In the case of Fe—10Cr—3Si alloy, two
similar peaks were observed when the sputtering times were
30s and 270s. However, in sputtering for 150s, the sift of
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Fig. 11 AES depth profiles for the passive films formed on Fe~10Cr-5Al
and Fe-10Cr-58Si alloys by passivation in 30 mass%HNO3 solution at
303 K for 3.6 ks.

1625 ——— ——
- Si ]
2i620f oo ° d
Ry E.,. r
<1615 | —o—Fe-10Cr-5A1 |
%D 1400°F —e—TFe-10Cr-5Si § T
= I i
2| - J
.2 A i
Sk Mo
Y. o0 ]

1390 NI W SR B

0 50 100 150

Sputtering Time, £ /s

Fig. 12 Chemical shifts of kinetic energy of Al and Si obtained by AES
depth analysis of Fe-10Cr—5Al and Fe-10Cr-5Si alloys.

these two peaks were little in the Fe—10Cr—3Al alloy, while
the peaks were sifted to nearly the metallic state in the Fe—
10Cr-3Si alloy. These observations suggest that the passive
film mainly composed of Cr was thinner in the Fe—10Cr—3Si
alloy than in the Fe-10Cr-3Al alloy. In the Mo 3ds/2,3/2 spec-
trum, a main peak at 232eV and minor peak corresponding
to metallic state at 228 eV were observed on the surface. In
the interior, peaks shifted to 228 eV and 231eV. Although
no region where Mo was concentrated was observed by AES
analyses, the height of the Mo peaks increased in the interior
according to XPS analyses. The decrease of the concentration
of Mo is possibly due to the concentration of Cr, Al and Si on
the surface. This cause us to speculate that a large amount of
Mo does not exist in the passive film in which Cr and Al or Cr
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Fig. 13 Chages in XPS spectra with sputtering time for the passive films
formed on Fe—10Cr-3Al (a) (c), Fe-10Cr-3Si (b) and Fe-10Cr—2Mo (d)
alloys by passivation in 30 mass%HNOj3 solution at 303 K for 3.6 ks.

and Si are concentrated, but a high concentration of Mo exists
on the matrix side.> We also analyzed the oxygen 1s spec-
trum and observed two peaks at 530.5eV and 532¢eV on the
surface of the alloys. These peaks correspond to oxide O*~
(M~O bonding) and hydroxide OH~ (M-OH bonding),*? re-
spectively. In the interior, only a peak corresponding to ox-
ide®> at approximately 530.5eV was detected, in agreement
with the finding that more oxides were observed in the interior
of passive films.

Schematic illustrations of the enrichment of alloying ele-
ments in the passive film are shown in Fig. 14. It will be
pointed out that the passive film of the Al-added alloy forms a
monolayer where Cr coexisted with Al, on the other hand, that
of the Si-added alloy forms the two-layers structure where Si
concentrated in the outer layer and Cr concentrated in the in-
ner layer. The potential decay of the passive film, shown in
Fig. 7, behaved in the two-step manner in the Fe-10Cr al-
loy containing Si. It is consistent with the passive film model
which was induced by the analytical data of AES and XPS.
As for the Mo-added alloys, the two-step decay of the passive
film was also observed. Moreover, the time keeping the pas-
sive state of the second step was the longest in the case of the
combined addition of Si and Mo. Although the enrichment of
Mo by AES could not be detected, the compositional change
of the passive film during potential decay process should be
necessary to examine in detail in the future study.
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Fig. 14 Schematic illustrations of enrichment of Cr, Al, and Si in the pas-
sive films of Fe-10Cr—Al (a) and Fe—-10Cr-Si (b) alloys.

4. Conclusions

Effects of Al, Si and Mo on the anodic polarization curves
and pitting corrosion of Fe-10Cr alloys were studied. Po-
tential decay curves were measured in order to evaluate the
stability of the passive films on these alloys. The analysis of
the chemical composition of the passive film was also carried
out by AES and XPS. Results obtained in this study are as
follows. :

(1) The addition of Mo was very beneficial to decrease
the critical passivation current density of Fe—10Cr alloys that
contained Al and Si. The passive current density decreased
with addition of 2%Mo to Fe-10Cr-3Si alloy, while it in-
creased in Fe—10Cr-3Al alloy. The pitting potential shifted
to noble direction except for Fe—10Cr—3Al-3Si-2Mo alloy
when Mo was added. Laves phase (Fe,Mo) was precipi-
tated in the Fe—10Cr—3Al1-3Si-2Mo alloy. It seems that Mo-
depleted zone was formed locally, and the microstructure be-
came inhomogeneous.

(2) The potential decay time of the passive film was in-
creased by the addition of Al, Si and Mo to Fe—10Cr alloys.
Two step potential decay curves were obtained in alloys con-
tained Si and Mo, and this behavior of the decay curve was
shown more clearly in Fe—10Cr-3Si-2Mo alloy.

(3)  The results of AES and XPS analysis indicated that
Cr and Al concentrated in the passive film of Fe—-10Cr-Al
alloy. In the case of Fe—10Cr-Si alloy, Si concentrated in the
surface layer of the film and Cr did in the inner layer of the
film. The confirmation was not possible for the enrichment of
Mo in the passive film.
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