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ABSTRACT

The effects of Si additions to Fe on the stability of the passive film
have been investigated over the pH range from 0 to 10. Silicon, in concentrations
below 14.5% decreased the stability of the film. In sulfate solutions the
passive current density was up to an order of magnitude less for the Fe-14.%L Si
alloy relative to the Fe-8 Si alloy; the active peak decreased three orders of
magnitude. In 0.1 N HC1, Fe-14.5 Si had a passive region. There was no
passive zone for Fe, Fe-3 Si, or Fe-8 Si alloys in this solution. Surface
analysis techniques indicate that the abrupt change in stability with the
addition of 14.5% Si is not the result of an Si0, film on the surface.




THE ELECTROCHEMICAL BEHAVIOR OF Fe - Si ALLOYS (L. Abrego)

INTRODUCTION

High Si-Fe alloys are well known for their high degree of corrosion
resistance in acid environments. Neither oxidizing nor reducing conditions
affect these corrosion resistant properties. They are stable in strong acids
such as H2504, HN03. H3P04, and the organic acids at all concentrations and
temperatures. Studies (1-3) have shown that there is a critical silicon
composition of 14.5% at which a sharp increase in stability exists. Further
additions of silicon do not result in a significant improvement in the
corrosion resistance. A silica film resulting from the selective dissolution
of iron is believed to be responsible for the stability; however, there is
no direct evidence of this. Nor is there a "good" explanation rationalizing
why the full protective value of this film is not reached until the alloy
contains 14,5% Si.

Streicher (4) was the first to perform electrochemical studies of the
effects of silicon additions to austenitic stainless steels. He found that
silicon hindered both the iritiation and growth of pits on 18Cr-8Ni stainless
steels. These investigations were later extended by Rhodin (5) and Rhodin and
Nielsen (6) who showed that the corrosion rate of 18-8 stainless steels
exposed to ferric chloride decreased rapidly with the addition of silicon
until the concentration was approximately 1.5%; whereupon, further additions
resulted in a much slower decrease. They correlated these results with the
enrichment of silicon in the film. Their analyses indicated that the
silicon content of the film increased rapidly with the addition of silicon
to the alloy until the amount of silicon in the alloy was approximately 1.5%,
after which there was very little change in the silicon content in the film.

This was the case even for alloys containing up to 4.5% silicon.
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Rhodin and Nielsen obtained their results by chemical analyses on
films which they isolated by dissolving the alloy in a bromine-methano!
solution. The analyses of these films were later repeated by Lumsden and
Staehle (7) using Auger spectroscopy to measure film compositions. Auger
analysis and sputtering by argon ion bombardment were used sequentially to
obtain a composition profile; silicon was not detected until well over
half the film had been removed, and no enrichment was observed.

The existance of a critical silicon content in stainless steels has
also been observed by Nonokshchenova et al. (8). These investigators
determined the pitting potential of Fe-20Cr-20Ni-xSi alloys in 0.06N
H2504 + 0.04N NC1. Below 3% Si these alloys pitted; whereas, at 3% Si
and above no pitting nccurred. An abrupt change was also observed in the
general corrosion resistance of these alloys for a silicon content between
3 and 4.5 percent, when they were exposed to acid and acid chloride solutions.

Thus silicon exerts two types of beneficial alloying effects. There
is a critical concentration of 14.5% where substantial changes in the
corrosion behavior of Fe-Si alloys occur, and there is a synergistic
interaction with either Ni or Cr in austenitic stainless steels which reduces
the critical composition approximately by a factor of five.

Finally, it has been shown that silicon has a pronounced beneficial
effect on the stress corrosion behavior of stainless steels. Improvements
result from the addition of silicon to both austenitic and ferritic alloys.
Consequently, it is concluded that the role of silicon is more related to
electrochemical effects and thus the properties of the passive film than

structural effects (9, 10) of the alloys.
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This work is aimed at rationalizing the role Si plays as an alloying
element with respect to its influence on the composition and quality of the
passive film which forms on Fe-Si in aqueous environments. Reported herein
are the results of work in progress. We have repeated and extended previous
electrochemical studies (11) of Fe-Si alloys. Also included are initial

surface analysis studies.

EXPERIMENTAL

Specimen Preparation

The test samples were prepared in approximately 100 g. samples from
high purity iron and silicon. Three different binary compositions were
studied and Table I 1lists the sample fabrication history as well as the
chemical analysis for each sample.

Specimens were mechanically polished and etched for metallographic
examination. The iron sample was etched with a 5% Nital etch (5% nitric
acid, 95% ethanol). The iron-silicon alloys were etched in a mixed
acid/glycerol etch (1 part nitric, 2 parts HF, 4 parts glycerol). The iron
and 14.5 Si samples had microstructures typécal of ferrite solid solutions.
The 3 Si and 8 Si appeared to have the barley stroke markings observed by
Corson and documented by (Reiner, Marsh, and Stroughton [12]). These
markings are characteristic of the etchants and etching procedure and do
not suggest the presence of a second phase. The iron-silicon alloys are
solid solutions of silicon in ferrite for all compositions with less than
15.3 wt % silicon, X-ray analysis also indicated single phase ferrite.

Test specimens were prepared by cutting a rectangular section of each
sample. The samples were mounted in bakelite, then one end of each sample

was drilled and tapped for electrical connection. The opposite face, which




was to be exposed to the electrolyte was polished through 0.05 alumina,
degreased with acetone, and rinsed with distilled water before it was
placed in the test cell.

Anodic polarization measurements were obtained at 25°C using a
pyrex test cell. A ngso4 reference electrode was used for the sulfate
solutions, while an SCE electrode was used for solutions containing
chlorides. A platinum wire mesh was used as the counter electrode.

The test specimen was connected to a fluorocarbon coated stainless
steel rod such that only the polished surface was exposed to the
electrolyte. Electrode potentials were measured relative to the
reference electrdde located outside the cell and connected to the cell
by an electrolyte bridge fitted with a fretted glass plug. The
Lugan-Haber capillary tip of the electrolyte bridge was positioned
approximately one millimeter from the sample face.

Solutions where prepared from reagent grade Na2504, NaCl, Na28407
salts, reagent grade sulfuric acid and boric acid, and double distilled
water. Argon gas was bubbled through the solutions 12 hrs. prior to
running a test sample as well as during the polarization run. Each
specimen was cathodically activated for 20 min. at a constant current
density (60 uA/min) to try to remove the oxide films. The sample was
then allowed to attain a stationary open circuit potential before starting
the polarization curve.

Potentio-dynamic curves were generated using a stepwise technique
starting at 100 mv below the open circuit potential and scanning at
20 mv/min in the borate solutions and at 50 mv/min in the sulfate and
chloride solutions. A quasi-stationary potentiostatic approach was

utilized in the C1” solutions where _ne polarization curves were generated




by changing the potential in steps of 20 mv and waiting for the current to
reach a stationary value (15 min to 180 min). Each curve was repeated 2 or

3 times.

RESULTS AND DISCUSSION

The open circuit potential in the borate buffer are shown in Figure 1
Nagayama and Cohen (13) report the rest potential in a deacrated mixture
of 0.15N Na28207 and 0.15N boric acid, pH=8.4, as -580 mV NHE; this is
only slightly more active than the -560 mV reported in this study. The
addition of silicon shifted the potentials in the noble direction although
the shift in the open circuit potential was not particularly dramatic. The
polarization curves generated in the borate buffer are shown in Figure 2,
where classic active-passive polarization behavior is exhibited by the
samples. The curve generated with the Fe sample agrees with that of
Nagayama and Cohen (13). A marked decrease in both the active and passive
currents occurs when the Si content reaches 14.5%.

In the sulfate solutions, various pH ranges were studied. In 1IN HZSO4.
the open circuit potential for Fe was -280 mV (NHE) Crow, Meyers, and
Jefferys (11) report a value of -269 mV (NHE). The difference in values may
be due to the difference in deaeration techniques; the Crow, Jeffreys, Meyers
study used hydrogen bubbling to deaerate their solution; whereas, this study
used argon bubbling.

The polarization curves generated in the sulfate solutions are shown
is Figures 3 to 7. The behavior of the iron-silicon samples in IN NaZSO4

with pH values of 3-14 adjusted with H SO4 or NaOH was examined; a solution

2
of IN H2504 with pH=0.3 was also included in the study. Figure 8 shows

the variation of the open circuit potential, Er with pH for each alloy
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composition studied. There was no consistent influence of silicon additions
on Er' Table II lists the linear relations betwwen Er and pH as plotted on
Figure 8 for pH < 7.

Reproducibility became a factor in the curves generated in the sulfate
solution of pH = 14 (Figure 7). Such reproducibility problems in IN NaOH
have been encountered in past studies (14). The curves in the caustic pH
are presented as a general indication of the behavior of the alloys in a
solution of pH=14, i.e. the samples do not exhibit active-passive behavior.

Figure 9 shows the anodic polarization curves in 0.1IN NaCl solution.
General dissolution occurs for the Fe, Fe-3 Si, and Fe-8 Si alloys, but
a passive range is noted in the 14.5 Si sample. The active-passive transition
could not be detected in the low Si samples and the Fe sample although
Semino and Galvele (15) had found a narrow passive range for pure Fe in a
similar solution. The difference in solution pH may account for the lack
of passive behavior in the present study.

Figure 10 gives the Auger analysis of the film on the Fe-14.5 Si alloy
resulting from exposure to the 0.IN NaCl solution. These results indicate
that there is a slight enrichment of silicon in the film; however, the
transition from general dissolution to passivity cannot be explained by
the appearance of an 5102 layer on the surface of the Fe-14.5 Si alloy.

It has been generally believed that it was the existance of such a layer
which produced the improved corrosion properties of the high silicon alloys.

In the active region, the possible reactions occurring are:

Fe + Fe' '+ 2¢” (1)
E, = -0.440 + 0.029 log (Fet++) (")
IFet 4H,0 » Fey0, + gh* + ge (2)

Ep = -0.085 - 0.059 pH (2')
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2 Fe + 4H,0 > 3 FE,0, (y) + 2HY + 2¢” (3)
Ep = 0.221 - 0.059 pH (3")
Si + 2H,0 + $10, + 4t + 4e” (4)
Ep = -0.857 - 0.059 pH (4')

With the Fe sample reactions (1), (2), and (3) occur with reaction (3)
responsible for passivation since it is in agreement with known values of
passivation and activation potentials (17).

A comparison of the polarization behavior of binaries in the borate
buffer and sulfate solutions shows that the effect of 3% and 8% silicon is
to shift the passivation potential in the noble direction. Table II shows
the linear relationships between Ep and pH for the samples in the sulfate
solutions broken up into three areas, i.e. pH< 3, 3< pH< 7, pH > 7. A
comparison of the samples of Fe, 3 Si, 8 Si shows the slopes are similar
indicating similar film are forming, but the slightly higher passivation
potentials of the 3 Si and 8 Si indicate that a greater amount of over
potential is required to start the formation of a passive film.

These two samples are also noted for the thick porous, gel-like fi]m;
that form on the surface during active dissolution prior to passivation.
These films were observed by Crow, Myers, and Jeffreys (11) using IN H,S0,.
They observed an intense black layer which became gelatinous and separated
from the sample surface at the beginning of the passive region. Similar films
were observed in the present study, for higher pH values. They also noted
that removing portions of the film from the surface had no apparent effect on
current density; the same phenomenon was observed in this study, However, no
such films formed in the borate buffer solution.

It can be postulated that the Fe oxidation reactions dominate the
dissolution which occurs in the 3 Si and 8 Si. The silicon in the alloys

reacts to form 5102 but fails to form a continuous film, Figures 11 and 12




show the re]ation'between the active current density and pH as well as the
passive current density and pH in the sulfate and borate solutions, respectively.
In the sulfate solutions, the low Si alloys generally give a higher current
density than Fe while in the borate solutions, the low Si alloys decrease the
active current density slightly, and slightly increase the passive current
density.

A marked decrease in the active and passive current densities occurs at
14.5 Si as shown in Figures 11 and 12. This alloy also has a markedly
different passivation potential (Ep) and pH relationship. At 14.5%, the
alloy is in the fully ordered state corresponding to Fe3Si with silicon
and iron atoms occupying definite sites in the body centered cubic
superlattice formed by this alloy. All lattice sites are fi]]e&, thus
reducing the reactivity of the alloy. At this composition the behavior of
the alloy resembles that of silicon exhibiting 1ittle dissolution in acid
solutions due to the formation of a tightly adherent and irreduceable
passive film. The fact that no aissolution of the sample occurred in a
solution of pH = 14 (Figure 7) 1is due to the low kinetics of the dissolution
at room temperature; a higher solution temperature might have produced greater
sample dissolution.

Consideration of the fact that passivation is due to the formation of a
stable oxide Fe203 (y) in the low Si alloys and 5102 in the 14.5 Si alloy,
one would expect that the passivation potential should vary with pH in
exactly the same way as the potential for the metal-metal oxide equilibrium
value (EM/Mo) such that |

Ep = Ep - 0.059 pH (16)
Such a dependance however is not always the case. The discrepancy

between Ep and EM/Mo may be due to a potential drop within the film.




SUMMARY
Polarization curves have been generated for iron silicon binary alloys

in borate, sulfate, and sodium chloride solutions. The electrochemical

behavior such as Ey (open circuit potential) has been related to composition
and pH. The passive potential has been related to pH in the sulfate solutions.
Both iron oxide and silicon oxide films have been postulated as responsible
for passivation in these alloys, while the stability of the 14.5 Si alloy

has been related to the ordered structure of the alloy which causes its
behavior to resemble that of silicon.

A limited Auger analysis has been carried out on the passive films.
Results suggest that the abrupt improvement in the corrosion properties of
the Fe - 14.5 Si alloy relative to the low silicon alloys is not because
of the appearance of an SiO2 surface film as previously supposed.

Further work is continuing on passivation breakdown in chloride
solutions, current decay curves and analysis of the composition of the films

responsible for passivation in these alloys.
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|
4 TABLE 11

Open Circuit Potential (NHE) - pH Relationships (pH < 7) for Sulfate Solutions:

Sample Relation, E
s ikt
100 Fe -0.306 - 0.039 pH
3 si -0.274 - 0.055 pH
8 Si -0.301 - 0.048 pH
14.5 Si -0.205 - 0.055 pH
) TABLE 11

Passivation Potential (NHE) - pH Relationships for Sulfate Solutions:

| 100 Fe 0.6 - 0.06 pH 0.29 + 0.05 p  0.99 - 0.06 pH
| 3 s 0.74 - 0.08 pH 0.32 + 0.05 pH  0.78 - 1.0 pH
| 8 i 0.84 - 0.08 pH 0.39 + 0.05 pH 1.07 - 0.05 pH

14.5 S -0.10 - 0.02 pH -0.45 + 0.03 pH
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Figure 3 The polarization curves of Fe-Si alloys in IN sto4 (pH = 0.3)
with scanning rate of 50 mv/min.
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Figure 5 The polarization curves of Fe-Si alloys in IN NaZSO4 (scanning

rate 50 mv/min).
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Figure 11 The passive current density and active current density vs.

pH of Fe-Si alloys in the sulfate solutions.
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