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the passive region (8-il). A mechanism for this behavio r has been

postulated by Omartug and Du ruk (8) . They postulate that si l icon acts
as a cathodic additive and creates anodic and cathodic areas on the alloy

that stimulate the passivation of the entire area . At low sil icon
concentrations , the passive film is mostly iron oxides and some silica.

However , as silicon reaches 14.5 wt % (25 at %), the corrosion rate is then

due to the formation of Si02 because there is an increased availability of

silicon atoms to form a silica film~ The half cell reaction associated
with passivation is

Si + 2H20 = Si02 + 4H~ + 4e. (1)

The effect of silicon on the corrosion potential in 111 sulfuric acid

is not as consistent as its effect on the current density . Crow et al (9)

determi ned the corrosion potential for a series of i ron-silicon alloys ;
they found that the corrosion potent ial shifts slightly in the negative

direction when the silicon content is 2 to 6 wt % , but it shifts in the
positive direction at 12 wt % silicon. Low silicon alloys exhibit polarizatio n

behavior similar to that of iron except that their passive current density
is hi gher than that of iron . At 15 wt % silicon , however , the alloys
have excellent passivation behavior. The difference in passivation behavior

suggests that the mechan i sm for passivity in the high silicon alloys is

di fferent from that in the low silicon alloys (11) .

The effects of silicon on corrosion resistance is not limi ted to

binary abloys . In austenitic stainless steels silicon additions of 2-3

wt % have improved the pitting resistance of the alloy s in chloride environ-
ments (12, 13) and also improved the stress corrosion resistance (14). This

effect was explained by an argument similar to that used for the binary alloys ,
i.e., that there was a preferential dissolution of the more reactive

elements in the alloy leaving behind a passive film enriched in silica (15).

But a reassessment of the film stri pping technique used by Rhodin (15)
to determine the composition of the passive film has established that the

stripped films were heavily contaminated with ferrous salts derived from I
I
I
I
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1.0 INTRODUCTION

This is an investi gation of the electrochemicai and composition

aspects of iron— silicon alloys in aqueous environments . This work is
concerned primarily with understanding the role of alloying and environmental

species on the passivity of i ron base alloys in aqueous environments .

To this end this work undertook the investigation of the behavior of i ron-

sil i con alloy s in borate buffer, sulfa te , and chlori de envi ronments .
Auger electron spectroscopy for composition analysis of the passive

films formed on the alloys under controlled electrochem ical conditions were

undertaken. Thus , the effects of alloy ing, potential , and pH on the f i lm
composition were assessed. Wi th the addition of chloride ions to the aqueous

solution the breakdown of passivity was also investigated ; film and

substrate compositions inside the growing pi ts were obtained .

This investigation determined that the corrosion resistance of

i ron-silicon alloy s is due to the formation of a film of Si02 which

occurs onby when the alloy composition reaches 14.5 wt % (25 at %) silicon .

2.0 Corrosion Properties of Iron-Silicon Alloy s

It has been known for many years that i ron— silicon alloy s show an
increased corrosion resistance as the silicon content approaches 14.5 wt
% (25 at %) silicon (1 , 2). Although limi ted in usefulness by a low
tensile strength and brittleness , i ron— silicon alboys from 13 to 15 wt %
silicon are important for their effective resistance to acids . In spite
of their drawbacks , i ron-silicon equipment is produced in cast form
and used for special applications in chemical plants .

The effect of silicon in aqueous environments can somewhat be justified
by a comparison of the Pourbaix equibibri um diagrams for iron-water and
silicon-water systems shown in Figure s la and lb respectively. There is a
wide range of stabibity for SiO2, while dissolution of i ron is indicated

I
I
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in the acid pH regions (3).  Superposition of the diagrams implies
that an alloy of i ron— silicon would have some dissolution of i ron but
passivity by the formation of silica if the silicon content is sufficient
to produce an adheren t film. Such an alloy woubd have an oxide with a
wide stability range . And indeed experience with alloy s containing 14.5
wt % (25 at %) silicon has shown them to have bow corrosion rates in

both oxidizing and non—oxidizing environments (4).
The effect of silicon content on the corrosion rate of i ron

silicon abboys in 10% sulfuric acid at 80°C is shown in Figure 2. 
• 1

The silica film believed to be responsible for the corrosion resistance

reaches its optimum effectiveness at 14.5 wt % silicon because there occurs
a degree of i ron dissolution , and the silicon atoms are abbe to form a tightly
adherent , cohesive film of Si02 (1 , 5). The silicon content up to
3 wt % (6 at %) has little effect on the corrosi on resistance of these
alloys . In alloys with much greater amounts of silicon , the silicon content
is responsible for a marked increase in the chemical resistance.

Evidence for the formation of an SiO2 film is found when a 14.5 wt %
silicon alloy is exposed to a boiling 30% sulfuri c acid solution ; the
initial corrosi on rates (measured by weight loss) are high. Before the
silica film can form, some corrosion of the metal takes place beading to
high corrosion rates. Low corrosion rates are not uniform unti l after
100 hours after the onset of attack (6).

The early work in the corrosion resistance of iron-silicon alloys
was confined to weight boss experiments . But the ebectrochemical behavior
in terms of polari zation curves has also been studied. Robinson and
DuPbesis (7) have shown that the passivating tendency increases as the
silicon content of i ron silicon alloys is increased from 7.5 wt % to
15 wt % . A 7.5 wt % alloy shows little to no passization in 2.5 %
hydrochlori c acid , while a 15 wt % abboy shows a decrease in the current
density marking the onset of passivity .

Further ebectrochemicab studies at 25°C in sulfuri c acid show that
the effect of sibicon on the active-passive behavior of its abloys is to
decrease the active peak current density and to increase the extent of

~~~~~~~ --
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the stri pping solutions , an d tha t the h i gh water con tent noted in the
films was probably due to the hydroscopic nature of the contaminant (16).

Conse quentl y, s i li con enr i chmen t i s ques tiona b le .
Silicon is evidently a useful addition to stainless steels imparting

added corrosion resistance to those alloys . However , increas ing the

sil i con con ten t above 3 wt % does not p roduce s ig ni fican t changes in
the corrosion properties . This lack of greater effect by silicon is

surprising because if silicon were enriched in the passive film as

prev iously postulated , it might be expected to have a greater effect on

the corros ion properties (17).

From the preceediny survey it can be noted that silicon exerts two

types of benef icial alloying effects . There is a critical concentration

of 14.5 wt % (25 at %) silicon where substantial changes in the corrosion

behavior occur ; and there is a differen t type of effect in the austenitic

and ferritic stainless steels where the critica’ concentration of

silicon is decreased by a factor of five.

3.0 EXPERIMENTAL PROCEDURE

The sam ple compositions , pre parat ion p rocedure , and electrochemicab
techniques were documented in the previous reporting period. In this

section the surface anal ysis technique is presented.

Table I lists the chemical composition and fabrication history of

the samples used in this study.

Auger Electron Spectroscopy (AES)

The compos iti on of the passive films was determined by Auger electron

spectroscopy . For this analysis each sample was prepared as previously

described for polarization measurements . The specimen was cathodically

polarized for 10 minutes and then anodically polarized to the potential

of interes t; it was held at that potential for one hour while the current

behavior was monitored. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE I

ALLOY COM POSITION

Elementss  Cr Ni Mo Si C Cu

Alloy
Designat ionz

lOOFe — — — 0.005 0.007 - 0 .075

* 3Si 0.010 0.010 - 3.45 0.010 0.10 0 .075

851 0.008 0.07 >.1O 7.89 0.008 0.010 0.01

lOSi 0.009 0.08 > .lO 9.45 0.007 0.008 0.01

14 .551 0.01 0.10 .l0 14 .12 0.012 0.010 0.01

Elements :  S P Al 0 N H
( ppm ) (pp m ) ( ppm )

Alloy
L)esignation :

lOOFe 0.018 0.005 — - - —
351 0.018 0.005 0.010 30 33 —

8Si 0.008 0.010 0.010 40 39 —

1OSI 0.008 0.010 0.010 46 31 -

14.5S1 0.009 0.010 0.020 49 50 1.4

‘6Chemical analysis supplied by Battelle , Columbus , Oh ; all
oth€ r analysis conducted by The Duriron Co , Dayton, Oh.

ATOMI C PERCENT OF Si IN ALLOYSAlloy s
3Si 6.5%
8Si 14.8
lOSi 18.2

14.5Si. 24.7

/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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I
TABLE I ( C O N ’ T )

I EAB RICAT ION HISTORY AND HEAT TREAT MEN T

lOOFe Heated to 1200 °C for  24 hrs , furnace cooled to
900°C cooled at rate of 100°C for 24 hrs to 600°C

• and furnace cooled .

3S1 Melted under argon above 1500°C for 10 m m ;  al-
lowed to cool to room temperature in furnace.

8Si Melted under argon above 1500°C for 20 min i power
to furnace was turned down at the rate of iVo
power control every 15 m m .

1OSI Sam e as above .

14.5Si Same as above .

I



The samp le was then tak en out of the cell , rinsed with methanol

(reagent grade), and carefully broken out of the bakelite holder and

clipped onto the Auger sampl e holder carousel. When the carousel was
filled with the samples for analysis , it was lightly doused with methanol
and placed in the stainless steel vacuum chamber.

A Physical Electronics Industries , Inc., Model 11—500 Auger System

Control unit wi th an ultra high vacuum system supplied by Varian Vacuum
Systems was utilized; the latter system used sorption , ion , and titanium
sublimation pumps to attain a pressure in the ~~~~ torr range.

A brief outline of the Auger analysis procedure is presented here ,

while the actual Auger results con tain the operating parameters for

each ana lysis.

Details of the principles of AES can be found elsewhere (18).
But briefly, with AES , the specimen is excited with a focussed electron
beam and secondary electrons emi tted from the surface as a result of
the Auger process are energy analyzed. AES allows high sensitivity analysis
of the surface constituents ; and when combined with a sputter etching
technique , it also allows depth composition analysis.

For the analysis of this work , once the vacuum chamber had reached
1o

_10 torr range , a preliminary surface scan was run . The chamber was

then backfibled with prepurified argon to a pressure of 5 x lO~~ torr;
the titanium sublimati on pump was operated for 75 seconds in five minute

cycles to getter the oxygen in the system during the entire analysis
period.

After backfi llirig1 the sample was sputter etched at 600V wi th a
current of 25 ~A , the argon beam sputtered an area 2-3 nm in diameter.
The etching was continued for 30 to 60 seconds and then the sample was
re-analyzed. The peak heights of the oxygen line (510 eV), the i ron
line ( 703 eV),  and the silicon line (92 eV) were monitored at each analysis.
The sputter/analysis procedure was repeated unti l the oxygen signal was no
longer detected. Figure  3 shows a typcial Auger spectrum prior to sputtering;
Figure 4 shows the same sample after sputtering some time .
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Add it ional s pec tral i nformation was obtaine d by monitoring the low
energy i ron and silicon peaks at 47, 66, and 92 eV. Seo et al (19) showed
that the low energy spectra at various depths changed corresponding to
different oxide compositi ons.

4.0 EXPER IMENTAL RESULTS
4.1 Introduction

The purpose of this investigation was to rationalize the role that

silicon p l ays as an alloying element in influencing the nature of the
passive film wh ich forms on i ron—silicon alloys in aqueous environments .

It has been shown in the literature that silicon has a pronounced

beneficial effect on the corrosion properties of i ron—silicon alloys when

the silicon concentration reaches 14.5 wt %. It was also noted that

im proved pitting resistance resulted when 2—3 wt % silicon is added to

ferritic and austenitic stainless steels. These beneficial aspects of

the silicon additions are related to the electrochemi cal effects of the

silicon additions as well as the compositional effects that silicon

has on the passive film.

This work is aimed at rationalizing the role that silicon plays

as an alloying element with respect to its influence on the composition

and the quality of the passive film which forms on the i ron-silicon alloys

in aqueous environments . With this end , the ebectrochemical behavior of

a series of iron—silicon alloy s was investigate d in sul fate, borate , and
chloride solutions. The composition of the passive films which formed

was determined by Auger electron spectroscopy. In an effort to characterize
the rate of dissolution , current decay curves were generated in the sulfa te

solutions. Such results wou l d give the film growth dependence as a function

of silicon content, applied potential , and pH.
In this section the experimental results of this study are presented.
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4 .2  Microstructures

The microstructures of the series of alloys used in this investigation
are shown in Figures 5a-5d. The alloys are solid solutions of silicon in
a ferrite matrix for all compositions. X-ray diffraction analysis indicated
only the presence of a single ferrite phase in all the alloys.

An examination of the microstructures shows that the alloys are large
grained due to the slow cool down cycle used in their fabrication .
Although the lOSi and l4.5Si samples show some evidence of a second phase ,
x-ray diffraction of the material did not identify it. Dissolution
techniques to determine the second phase were not attempted , but should
be considere d in further work wi th this alloy system .

4.3 Ebectrochemical Behavior
4.3.1 Borate Buffer Solution , pH = 8.4

The polarization curves of the series of binary alloy s in 0.l5N
sodium borate and 0.l5N boric acid , pH = 8.4, are shown in Figure 6.
The curve of lOOFe compares favorably with that reported by Nagayama and

Cohen (20). The effect of silicon is evident in the decrease in the
active peak as the sil icon content increases . The open circuit potentials ,

Er~ 
are shown in Figure 7. Nagayama and Cohen (20) report the rest

potential in deaerated borate buffer as —820 mV , SCE (-580 NHE); this is

only slightl y more active than the —800 mV , SCE (—560 NHE) reported in

this study . Silicon additions less than 14.5% sh i fted the potentials slightly

in the noble direction; the shift in Er was not particul arly dramatic.
14.5Si shifted Er to —760 mV , SCE (—520 NHE).

Also plotted in Figure 7 is the passivation potential , ~~ vs sil icon
content. Once again , silicon contents less than 14.5% shifted E~ in
the nob~e direction. Althou gh a passivat~on potential is plotted for

the b4.5Si sample , there is some doul t as to the existence of truly active-

passive behavior in this alloy , asis ev ident from the back of a significant

active peak in the polarization curve of this alloy .

_ _ _ _ _  
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Fi gure 5c. Micro structure of 8Si sample (mixed acids/glycerol etch , b OX).

Figure 5d. Microstructure of lOSi sample (mixed ac ids /g lycerol etch , b OX) .
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The active current vs silicon content is plotted in Figure 8 where

the decrease in active current from -25 jA /cm2 for 100Fe to -2 ~iA/cm 2

for 14 .5Si. Also on this figure is plotted the passive current densities
where the effect of silicon content is not as dramatic as on the active
current density .
4.3.2 Sulfate Solutions (pH = 0 . 4  to 14)

The polarization curves for the series of alloys used in this study
in lN sulfuric acid , pH = 0.4 is shown in Figure 9. Figure 10 shows the
polarization curves for the same alloys in iN sodium subfate , pH = 3.2.
Wi th respect to the general shape of the curves , there was no great effect
noted wi th changing silicon content until the l4.5Si composition was
reached.

Figures 11 and 12 show the polarization curves in 1N sodium sulfa te,
pH = 6.4 and 10.3, respectively. Al though passivation occurred for the
alloys with less than 14.5 wt % silicon , the active peaks of the 3S1 and
8Si alloys were higher than that of pure iron.

A porous film formed at the limi ting current values on the bow
silicon alloys ; it is evident from the polarization curves that it was
stable over a wide potential range of 500 to 750 mV. Economy et al (21)
observed a porous film range for iron in sulfuric acid with -0.47 ~ pH � 3.73.
The polarization behavior documen ted in this study for iron in pH = 0.4
and 3.2 agrees with their curves .

Crow et ab (9) generated polarization curves for a series of i ron-
silicon alloys in sulfuric acid solutions with -1.07 ~ pH � 1.09. In
the lN s u l f u r i c  acid , they found a wide range for the porous films which
formed at the limiting currents . For 3Si and 8Sf , the plateau range was
700-800 mV. They recorded no plateau or porous film stability region
for 15Sf alloy which corresponds to the results in this study.

Current fluctuations were noted in all these solutions for all alloys
with bess than 14.5% silicon when the sampbes approached passivity . These
c urrent fluctuations have been noted by other workers in the sulfate system
(22 , 23, 24). In this work the current fluctuations went off the scale

_ _ _  
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of the electrometer momentarily and then decreased to the order of
magnitude at which the current was before the fluctuation. Seldom did
the current return to the same value it held prior to the fluctuation.

Vis ib le surface films were observed for all alloys less than 14.5 Si.
The samples were initially metallic gray in color , then became darker
as the limiting current was reached. In i ron the visible film disappeared
at the onset of passivation. On the other alloys a thick , gelatinous ,
transparent film formed during the acti ve dissolution plateau. The

film could be dislodged from the electrode surface and a new fi lm would
appear. The adherence of this fi lm to the electrode surface did not
affect the passivation reaction potential.

No such porous films formed on the 14.5Si alloy.
In the solution of pH = 10.3 , it was diff icult to maintain a stable

pH throughout a polari zation curve determination. The solution would
start at the above pH value , but after a sample had been anodically polarized
in the solution , the pH changed to as low as 9.0.

The polarization curves shown in Figure 13 in lN sodium sulfate ,
pHl4 proved to be the most difficult to reproduce. Such reproducibility
problems in lN sodium hydroxide have been encountered in past studies (25, 26).
In experiments in deaerated solutions at 25°C of 0.2M sodium hydroxide ,
it was found that several polarization curves recycled in the same solution
over a period of several weeks were required before consisten t polarization
curves were attained (26). These inconsistencies in the initial cycles were
believed to be due to traces of reactable impurities which were slowly
removed by oxidation. The general shape of these polarization curves on i ron
were simi lar to those generated in this study , i.e., no active—passive
behavior was observed.

A. Corrosion Potential
The variation in the open circuit or corrosion potential with pH

for each alloy is shown in Figure 14. There was no consistent trend of
the silicon additions on Er• Similar inconsistent effects of silicon on
the corrosion potential have been found by workers in deaerated sulfuric acid
(9, 10). However , at 14.5Si , Er shifted significantly in the noble
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direction with respect to the iron samp le and rema ined more noble for
solutions with pH < 10.3. At the higher Pr$ , Er for 14.5Si become more

active than that of iron. Tab le II lists the linear relations between Er
and pH as plotted on Figure 14 for pH < 7.

B. Passivation Potential
The passivation potential for each alloy as a function of pH is

plotted in Figure 14. The effect of 3Si and 8Si is to shift the potentials

in the noble direction. Table III l ists the linear relationships between

~~ the passivation potential , and pH for the alloys divided into three

areas: pH < 3, 3 < pH < 7, pH > 7. A comparison among the lOOFe , 3S1 ,
and 8Si shows that the slopes of these expressions are similar.

C. Active and Passive Current Densities
Figure 15 shows the plot of the active current density vs pH for

each al loy as well as the respect ive variation in passive current density.
For pH ~ 6.4, the height of the active peak decreased as the pH increased.

At pH = 10.3 , the active current value increased. The same general trends
were fol lowed by the pass ive  current  densities.

The effect of increasing silicon content in the alloys was to
increase both the ac t ive  and the passive current densities ; however

• both values did decrease significantly in the 14.5Si alloy . Simi lar
effects have been noted by other workers (9, 10) in sulfuric acid.

4.3.3 Borate Buffer + 0.111 Potassium Chloride

ro study the effect of ch loride in a system where the alloys were
known to have active—passive behavior , a 0.lM potassium chloride addition
was made to the borate buffer. Figure 16 shows the polarization curves
for the alloys in this solution. Listed on this figure are also the
pitting potentials determined by using the scratch technique previously
descr ibed. The value obtained for lOOFe was -215 mV SCE (+25 mV NHE).
Janik—Czachor (27) obtained a pittin g value of -160 mV SCE (+80 mV NHE)
in this same solution ; this value was obtained using the galvanostatic
technique . Pitting values have been found to show a wide variation (28)
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TABLE II

-jOPEN CIRCU IT POTENTIAL (NH E ) — pH RELAT ION~$HIF S

( p H < 7 )  FOR SULFATE SOLUTIONS

Alloy Er Expression

lOOFe -0.306 - 0.039 pH

3Sf. —0.2 74 - 0.055 pH

8Sf. -0.301 - 0.048 pH

l4.5~1 -0.205 - 0.055 pH

TA i3LE I I I

PA SSIVATIOI4 POTENTIAL ( NHE) - ~H RELATI ONSHIPS

FOR SULFATE SOLUTIONS
- j

Alloy E~ E~
pH<3 3 ~ pH ‘ 7 p H >  7

lOOFe O •64 - 0.06 pH 0 .29 + 0.05 pH 0.99 - 0.06 p1-f

3Si 0.74 - 0.08 pH 0.32 ~ 0.05 pH 0.78 - 1.0 pH
8Si 0.84 — 0.08 pH 0.39 -t 0.05 pH 1.07 — 0.05 pH

14.5Si — 0. 10 - 0.02 pH —0.45 + 0.03 pH

_______ - 
_ _ _ _  _ _
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depending on the method used to determine them. No values of pitting
potentials on pure iron determined by the scratch method could be found
reported in the literature .

The effect of the sil icon content on the pitting potential was not
consistent. Figure 17 shows the variation of this potential wi th silicon
content. At concentrati ons of 3 and 8 wt % , the pitting potential shifted
toward values more active than that of i ron. At 10 wt % the potential
moved to a value more noble than that of i ron. No pitting potential
was determined for the l4.5Si alloy since no pits formed in this alloy .
Tajima et al also found that this alloy did not pit in chloride environ-
ments (10).

Figure 18 shows the typica l pits obtained in pure i ron. These pits
are similar to those observed by Vetter and Streblow (29) and Janik-
Czachor (27).

Figure 19 shows typical pits formed in the silicon alloys . Material
appears to have flowed from the pit and etched the surrounding area.
Similar “flow” patterns have been observed for i ron-molybdenum (30).

4.3.4 0.1N and 0.5N Sodium Chlori de
The polarization curves for the alloys in 0.lN sodium chloride are

shown in Figure 20. No active-passive behavior was noted in the i ron ,
3Si and 8Si samples . Figure 21 shows the polarization curve for the same
alloys in 0.5N sodium chloride solution , pH = 6.5. The curves resemble
those in 0.lN sodium chlori de ; no active-passive behavior was noted.
This result opposes that noted by Semino and Galvele (31 ) who detected
a narrow passive region for pure i ron in neutral 0.5111 sodium chlori de.
No active-passive behavior could be obtained in this work despite the
fact that the potential was manually stepped in 20 mV increments and held
until the current reached a steady value. The time between potential
steps ranged from 30 mm to 3 hours . No current decrease could be detected.

4.3.5 iN Hydrochloric Acid
The polarization curves for the binary alloys in lN hydrochloric

acid are shown in Figure 22. The solution had a pH = 0.4. The l ower

1
I
I
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F ig ure 17. Pi tting potential for iron-s ilicon alloys in borate buffer and

0.1M potassium chloride determined by the “scratch technique. ”
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silicon samples had no active—passive behavior while the 14.551 alloy did

passivate . The passive current density , however , was an order of magnitude
greater  than that in the sodium chloride solutions. Other studies (10)
have shown that the effect of chloride appears as the continuous increase
of the passive current density with increasing chloride concentration with-
out being accompanied by pitting.

4.4 AES Film Composition Results
4.4.1 Introducti on

The composit ions of the anodic films formed in the p r e v i o u s l y

discussed electrolytes were determined by Auger electron spectroscopy (AES).
Each of the samples to be examined was held at a specifi ed potential for

one hour and then placed in the vacuum chamber.
The composition prof i les  of all the fi l ms analyzed were determined

in an identical manner. For each sample an Auger spectrum was determined
initially and the peak to peak height (pph) for each component detected in

the oxide film was monitored as the film was sputtered. To eliminate
experimental errors caused by fluctuations of the Auger operating conditions ,
the observed pph of each component or element was normalized as a ratio
to the sum of the pph ’s of iron and silicon . This ratio was then p lotted
vs sputtering time , thus developing a composition profile of the film.

In order to sort out the silica and the silicon contributions , the low
energy lines (62 and 92 eV) of the spectra were used. Silicon generates
high energy lines on the spectra , but these were not used to determine
composition because the escape depth of these Auger electrons was several
times greate r than the i ron 703 eV electrons which were the highest energy

used.
However , by u s i n g  the low energy lines it was poss ib le to d i s t i n g u i sh

a peak at 66 eV associated wi th Si02 and a stronger peak at 84 to 92 eV
associated with silicon. The pph of both of these lines were used to
determine the composition profi lCes . These lines are shown in Figure 3;
the disappearance of the 5i02 peak is noted in Figure 4 after sputtering.

I
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The disappearance of the Si02 line is accompanied by a shift and an
increase in the silicon peak seen in this figure at 92 eV; this peak is

associated wi th the uncombined silicon in the alloy .
The inserts which appear in the Auger composition profiles show the

changes In the low energy spectra of the alloys. These spectra resulted
from transit Ions involving valence band electrons; except for the 66 eV
and 92 eV lines , the Auger lines used to determine the film compositions
resulted from inner level transitions and remained unchanged in energy

and shape. The change in the low energy spectra of i ron suggest the
valence state of i ron in the film (32).

4.4.2 Air Formed Films
Figures 23—26 show the Auger composition profiles of films which

formed after the alloy samples were pol i shed  through 0.05 ~irn alumina ,
dri ed, exposed to ambient air for 24 hours , and then placed in the Auger

vacuum chat~iber for analysis.
Plotted on the figures are the normalized ratios for the oxygen

line (510 eV), silicon , Si02, and i ron. No Si02 was observed on the
3Si sample but it was observed on the other samples .

The oxygen decreases con t inuous ly  wi th  sp u tteri ng time for a l l
the films . The 3Si sample had the thickest oxide film. All the films
consisted mainly of oxygen and iron with minor amounts of carbon. The
low energy iron peak (47 eV) splits into two peaks at 44 and 52 eV at the
surface of the oxide ; the he igh t  and location of the two peaks change

with sputtering time (32). The silicon peak also changes from 82 to 92 eV.
At the air/oxygen interface the films appear oxygen rich. Immediately

below the surface there appears a shallow increase in the silicon content ,
which then decays to the level in the alloy. Similar gradual changes in
air formed films on iron-chromium alloys have been observed (33).

The Auger composition profile of air oxidized 99.97% silicon is
shown in Figure 27. The silicon wafer was prepared by oxidation at
900°C for 56 hours. The profile shows the ratio ~f the ppH of oxygen
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to silicon . The shift in the low energy l i nes is ev ide nt in  the inserts
as the oxide is sputtered away. Similar shifts were noted in the high

energy lines (34) but these were not used for quantitative measurements.

Others have been able to resolve these high energy l ines to differentiate

between the silicon signal from the substrate and from the oxide. No

measure of the var iation in Auger peak position as a function of time or

charging was attempted although the phenomenon was observed in this
oxide as well as in the anodic oxide films .

The shifts in the low energy l ines of Si02 have been documented.

These shif ts have been observed on both Si02 formed on silicon wafers as

well as quartz (35). Further mention of the charging effect is made when

it occurs during the anodic film analysis.

4.4.3 Borate Buffer Films
Figures 28—32 show the composition profile of films formed in a

borate buffer solut ion at 200 mV SCE for 1 hr. The normalized pph of the
various constituents of the film are plotted vs sputtering time . The

pure iron profile (Figure 28) is the r a t i o  of the  pph of oxygen to that
of i ron.

The profile of iron agrees well with that reported by Seo et al (36).
The low energy shifts in the iron spectra were also observed as the  s p u t t e r i n g

time increased.

The l4.5Si sample had a film which was easily sputtered away in 100

sec , while the thickes t film was observed on 3Si which was comparable in

thickness to the film formed on pure iron.

The low energy shift in the sil icon lines is also observed in these

films . The initial positions of the 82 eV peak coincides with the lines

for Si02; the final position of the peak at 92 eV is that of silicon in

the substrate. These lines were observed in the 8—14.5 wt % silicon samples.
Figures 29 and 30 , the composition profiles of 3Si and 8Si respectively,

show some enrichment of silicon in  the oxide layer. Figure 31 and 32 show
the profiles of lOSi and l4.5Si with Si0 2 eviden t in the film.

- -  -~~~~~~~~~~~~ 
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The carbon in the film results from the preparation procedure since
after sputtering a few seconds the carbon peak falls off.

The boron in the film follows the oxygen line; it is sputtered away
when the oxygen peak begins to decrease as the substrate is approached.

4.4.4 Sulfate Solution Films
Figures 33-37 show the compositional profiles of the anodic films

formed on iron and the binary alloys in lN sulfuric acid (800mV SCE for 1 hr).
The plots were obtained by the same pph ratios as mentioned previously.
The changes in the low energy spectra are also indicated. A silicon
enrichment was detected in all the films accompanied by a shift in Si02
to silicon in the binary alloy films . The shifts are especially noticeable
in the 8Si , lOSi and l4.5Si samples , The films on the low silicon samples
were sputtered away in 2000 sec. Howe”er , the 14.5Si sample had a plateau
of constant composition.

The carbon in these films results from contamination while the sulfur
is part of the film for all the alloys with less than 14.5% silicon .
In the 14.5Si alloy , it is quickly sputtered away indicating it was not
Incorporated in the bulk of the ff lm.

Figures 38-42 show the film composition profiles of the alloys in
iN sodium sulfate , pH = 3.2 (600 mVSCE for 1 hr). All the alloys showed
a continuous decrease in the oxygen peak. Small amounts of silicon
enrichment were eviden t in all the fi lms of the binary alloys . The
thinnest film in this solution was that of the l4.5Si alloy . Sulfur was
incorporated into the films of the alloys containing less than 14.5 wt %
silicon ; in this latter alloy , sulfur was easily sputtered from the alloy
surface.

Figures 43-47 show the composition profiles of the films formed
on the alloys in a lN sodium sulfate solution (pH = 6.4, 600 mV SCE for
1 hr). The film on iron showed two plateaus for the pph ratios of oxygen
while sul fur was incorporated in the majority of the film . The 3Si and 
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8Si alloys exhibited a slight amount of silicon enrichment in the film.

The lOSi and 14.5Si alloys also showed enrichment. The binary alloys show
a continuous decrease in the oxygen peaks with no plateaus of constant com-
position .

The composition profiles for the anodic films formed in iN sodium
sulfate (pH = 10.3, 600 mV SCE for 1 hr) are shown in Figures 48-50.
Profiles for pure i ron , lOSi and 14.5Si only are shown . The l ower
silicon samples were not analyzed because their films were so th ick  that
charging was induced thereby obscuring composition information . Such
charging problems have been found when S102 is analyzed .

The lOSi samp le showed a slight amount of silicon enrichment in the
f i l m , while the higher silicon sample did not show any enrichment.

4.4.5 Films in Borate Buffer + 0.lM Potassium Chloride

To characterize the role silicon plays in pitting resistance , the
binary alloys were placed in a bora te buffer plus potassium chloride
solution and polarized above the pitting potential. Pits formed , then the
samples were placed in the Auger vacuum chamber for analysis of the material
in the pits and the material that had flowed and deposited next to the
pits (Figure 51).

Figure 52 shows the elemen tal distribu tion by scanning Auger of the
pitted areas. The sample was mounteo in a vertical positi on in the solution;
in this figure the top of the sample surface is at the upper right hand
corner. Material fl owed down from the pit which is at the l ower left hand
corner of the pictures. A halo of potassium was found around the pits ,
while oxygen and boron deposited in the “flow region ” below the pits.
This flow region was depleted in silicon . Some chloride was detected
inside the pits along with silicon .

An attempt to produce an Auger spectrum inside the pits proved
fruitless; once again charging resulted and manipulation of the beam
voltage or current did not produce a stable spectrum .

/
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Figure 51. Examples of the type of pi ts analyzed by scanning Auger in
Figure 7; note the e tched area su r roun d in g the pi ts.
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Figure 52. Scann ing AL - el~~-~-n r a l  1i st r ib u t~on of r2ate r jaI around a

- I pit formed on 8Si j r  t-~)’dte buffer and O.~M potassium chloride.
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However , it was possible to obtain a composition profile of the
“flow region. ” Figure 53 shows the profile. Oxygen and boron are
concentrated in this region with a depletion of sil icon in the area .
The boron leve l does not change until the oxygen begins to do so
in dicating that the two elements are linked .

The area away from the pits proved almost film—free. Sixty
seconds of sputtering removed all traces of foreign substances and
produced a spectrum typical of a film free 8Si subst ra te . This profile
i s shown i n Fi gure 54.

Similar results were obtained when 3S1 was pitted in the same
solution ; a composition profile for the alloy is shown in Figure 55

for the flow region.

The l4 .5Si alloy did not pit in this solution , so no AES was
obta ined.

4.4.6 Film in O.lN Sodium Chlori de
The composition profile for 14.5S1 in sodium chloride ,

pH = 6.5 held at 200 m V  SCE for 1 hour is shown in Figure 56. The f i lm
shows a continuous sputtering of oxygen with minor amounts of sodium
and chlor ide incorporated in the film. Silicon is slightly enriched
in the film.

4.4.7 Average Film Composition Determination
To interpret the Auger results in terms of silicon enrichment or

depletion in the fi lms , a method to determine the average Si/ (Si + Fe)
composition ratio in the oxide was found (33). The average ratio is given by

Si ( l/ t A~ 
to/A ( Si )dt (14)

Si + Fe avg 0/ o Si + Fe

where t is the sputtering time , to/A is the time to sputter to

the oxide/alloy interface . (Si/(Si + Fe)) avg may be dete rmined by

numer ical integration of the area under the Si/(Si + Fe) and 5i02/(Si + Fe)

curves in each of the profiles; each of these curves were integrated

_ _ _ _ _  _ _ _ _
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to account for all the s i l i con in the film. These results were added ,

divided by to/ A s and then plotted as a function of the al loy composition ,

(Si/(Si + Fe))a i i o y~ 
wh ich is the value obtained on the film free

substra te.

This  calculation was carried out for the fi lms which formed in

air; the resu lt is shown in Figure 57. A similar approach was used for
the fi lms from the borate buffer solution and is shown in Figure 58.
Figure 59 is the result for the anodic films from lt4 sulfuric acid.
Figure 60 is that for IN sodium sulfate , pH 3.2 , and Figure 61 is that for
pH = 6.4. The dashed lines on the figures are the result for equal
concentrations of s i l icon in the alloy and in the film.

The resu lts from these average fi lm composition determi nations together
wi th the compositional profiles and the current decay curves presented
in the next section will be used to exp lain the electrochemical effects
observed in the discussion sect ion ot ~his work.

4.5 Current Decay Curves in Sulfate Solution s
The current decay curves for the iron-sil icon alloys are shown in

Figures 62—65. The plots were obtained by polarizing the samp les at a
constant potential in the passive region and recording the current change
with time. This process was repea ted severa l times for each alloy and
solution . The best fit line through the points was determined by the
least squares method . Thus , the points represent a statistical average;
the points on the lines shown in the graphs of these results are indicative
of the amount of scatter encountered.

The scatter was so great because reproducibility of these curves

was low . General trends could be noted but the current values did not
reproduce . This problem is similar to that encountered by other workers (9)
who experienced difficulties in reproducing the same passive current values
when generating polarization curves in the i ron-silicon alloy system.
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- Figure 58. Average anodic ox ide film Si content vs alloy Si content.
Dashed line represents equal concentrations in the oxide and
the alloy .
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Figure 59. Average anodic oxide film silicon content vs alloy silicon content.
Dashed line represents equal concentrations in the oxide and the
all oy.
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FI LMS FORMED IN i N  Na2SO4, pH = 3.2
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Figure 60. Average anodic oxide film Si content vs alloy Si content.
Dashed line represents equal concentrations in the oxide and the

alloy .
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Figure 61. Average anodic oxide fi lm Si content vs alloy Si content.

Dashed line represents equal concentrations i c_ c the oxide and
the al loy .
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CURRENT DECAY

ir ;  H2 S04 , pH 0.4
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- Figure 62. Current decay curves for iron-silicon alloys in lN H2S04, pH = 0.4,

Eapp = 800 mV (SCE), 1040 mV (NHE).

I-

1
I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~~

—
~~~~~~~~ 
-



r -

~~ 

_ _ _- 

NP 
~
‘ AD AOS6 326 OHIO STATE IMIV RESEARCH FO(*IOATION COLL*ISUS F’ S 11/6Ft*CAiENTAI. STUCICS Oc OISSC4.UTION A~C PASSIVITY OF AU.OYS *10 —ETC(w I

JUl. 78 a a LIMSOCN, R W STAEILE 1 L ASRESO N00014—7S—C—0665UNCLASSIFIrO
2oF 2
At

I
END

DATE
ElLtf D

I
I
I
I

N



~uu _____________

I ‘ I
HH~11(11’ .25 

~~~~ mu~
MICRJ~ OPY RESOLUTION TEST CH&~T

NATIONAL BtJR€ A II O~ ~TA Ni TP1I~ V~T~



L
-86-

CURRENT DECAY
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Figure 63. Current decay curves for i ron-silicon alloys in 1U Na2SO4 = pH = 3.2, fl
Eapp

Z
~6OO mV (SCE), 840 mV (NHE).
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Figure 64. Current decay curves for i ron-silicon alloys in iN Na2SO4, pH = 6.4,

Eapp = 600 my (SCE), 840 mV (NHE).
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Fi gure 65. Curren t decay curves for iron-silicon alloys in iN Na2SO4, pH = 10.2,

Eapp = 600 mV (SCE), 840 mV (NHE).
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Also the oscillat ions which accompany passivation in the sulfate
system (34, 35, 36, 37) were noted even in the passive state. The
effect of these sudden jumps in the current was that the current did

not alway s return to a value as low as it had prior to the oscillation.
These oscillations would occur every few minutes. The effect may be
that they obscure the true passive current and make it difficult to
determine the true current value.

Table IV lists the slopes obtained from the solutions as a function
of composition , pH and potential .

5.0 DISCUSSION

5.1 Introduction
This investigation was undertaken to determine if a silica film is

responsib1e for the corrosion resistance of i ron-silicon alloys. It had
previously been noted that the benefi t of silicon add i tions was not reached
until the alloy contained 14.5 wt % (25 at %) silicon . This study has
shown by AES and electrocheniical measurements that a protective film of
Si02 forms on this alloy . And it is this film which is responsible for
the electrochemical behavior of this alloy . Silicon enrichment was noted
in all the binary alloys studied , but it is not effective until the film
consists predominantly of Si02.

This discussion is divided into the main issues which were studied
and what effect the alloy composition had on the subsequent results.
These effects ‘include (1) the polarization potential , (2) the passivity
of the alloys , (3) the variation of solution pH , (4) the breakdown of
passivity , and the effect of the electrolyte anion. These topics are
discussed in terms of the electrochemical and AES results .

5.2 The Polari zation Potential
By studying a series of alloy s in which the silicon content varies ,

it is possible to note the effect that alloy composition exerts on the
corrosion potential in a solution .

1 

_ _ _ _ _
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I
Figure 66 shows the effect of alloy composition in terms of atomi c %

silicon on the corrosion potential , Er~ 
in the borate buffer and sulfate

solutions . It is apparent that in the 0 to 3 pH region , additions of less

than 15 at % silicon shifts the corrosion potential very slightly. It is
not until 25 at % (14.5 wt %) silicon is reached that there is a large
shift of Er in the noble direction . Since the low silicon alloy s are
composed of a solid solution ferri te matrix (37), Er is not greatly affected.

But with 25 at % the change in Er represents the increased corrosion
resistance of this alloy in the acid solutions in accordance with the
superpos i tion of the Pourbaix diagrams of i ron-water and silicon-water.
Superposition of the equilibri um diagrants indicate that in the low pH

region , if sufficient silicon is present in an alloy , then an alloy might
evolve which has a protective oxide in the acid pH region . The results
indicated in Figure 66 show that this point is approached when the silicon
content reaches 25 at %.

In the neutra l to basic pH solutions the addition of silicon to the
alloy becomes less effective. At pH = 10, an alloy with 25 at % silicon
has an active corrosion potential which -is an effect explained by the
Pourbaix d1 agrams . Figure ib , which shows the silicon-water system , indicates
that Si02 is soluble around pH = 10. Consequentl y, the corrosion potential
of the high silicon alloy is dominated by the silicon reaction , whereas the
alloys containing less silicon are dominated by both i ron and s~licoi ’

reactions.
The silicon content also affected the potential s at which the alloys

passivated as they were anodically polarized. The passivation potential ,
E~. vs silicon content (at %) in the sulfa te solutions are shown in Figure
67. It shows that increasing the silicon content to 18 at % (8Si) shifted
E~ to less negati ve values which in effect extended the region of active
dissolution , an undesirable situation for alloy development.

However, 25 at % silicon had a passivation potential close to its
corrosion potential. This signifi cantly narrowed the dissolution region .
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Figure 66. The change in the corrosion potential Er as a function of alloy
Si content (at %).
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Figure 67. The change in passivat ion potential , ~~ as a function of alloy Si
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The passive film on this alloy hdd the largest potential stability range.

This behavior reflects the effect of Si02 as predicted by the silicon -

water Pourbaix diagram . Apparently it is not until the 25 at % (14.5 wt %)

composition is reached that the corrosion resistance of silicon alloying

is effecti ve.

5.3 Passivity
The effect of silicon on the passivity of the i ron—silicon alloys

can be seen by two types of graphs. One graph plots the maximu m current
density observed in the polarization curves ; the other plots the current
density observed in the passive region. These plots are shown in Figure 68.
The effects of increasing the silicon content to 15 at % (8 wt %) increases
both the active and passive current densities above that of iron. These
resul ts are similar to those obtained by Crow et al (9) in concentrated
sulfuric acid. The reason that low silicon concentrations increases the
current densities above that of i ron is not entirely clear.

A decrease in the maximum current density is not obtained until
25 at % (14.5) is reached. At this composition there is a decrease in
the passive current density also. It appears that when the alloy reaches
the ordered state where iron and silicon atoms occupy specific sites in
the lattice , there is a greater resistance to chemical disso’ution . This
effect may be the result of the increased availability of silicon atoms
in the lattice to form an 5102 film (8).

The AES results have shown that the passive fi lms formed in the low
pH regions contain a silicon excess (Figures 59 and 60) and that some of
the silicon in the film is Si02. The relative amount of Si02 appears to
increase as the silicon content of the alloy increases as seen in th~ film
composition curves . The low silicon samples contain i ron oxides in the
film as evidenced by the appearance of the 44 and 52 eV lines shown in
the inserts of the composition profiles . In the l4.5Si (25 at %) sample
there is little evidence of the two low energy i ron oxide lines ; the

_ _ _ _ _  
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Figure 68. The change in active and passive current densities as a function of
alloy silicon content (at %).
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47 eV line predominates which is associated with uncombined i ron.
Consequently, the corrosion resistance of the high sil icon sample is

due primarily to a silicon dioxide film . In the low silicon samples ,

although there is an excess silicon -in the film , there is also some iron
oxide such that ~he film is composed of both oxides and does not afford
the corrosion resistance which Si02 does .

Figures 59 and 60 show that the silicon excess in the films falls
along a straight line wi th a slope of 2.6 and 1.9, respectively; the
slopes represent the ratio of silicon in the film to silicon in the alloy.
However , the increased corrosion resistance of 14.5Si (25 at % silicon)
has been attributed to an Si02 film (1 , 2, 4-6, 8). The Auger results
have confi rmed this proposition. The ratio of excess silicon in all the
alloys in the acid pH solution is about the same. But the low silicon
samples (3Si and 8Si ) have passive films consisting of iron and silicon
oxides which are not as protective as the silica film which forms at higher
silicon concentrations.

5.3.1 Current Decay
The effect that alloy composition has on the current decay behavior

of the alloys is shown in Figure 69. Increasing the silicon concentration
in the alloy does not change the slope of the decay curves except for the 18
at % (lOSi ) alloy , which behaved anomalously; no reason was determined for
the behavior of this alloy . No indication of logrithmi c or inverse
logrithmic dependence was found despite the fact that these two rate
l aws are forwarded for film growth in aqueous solutions.

At 25 at % (14.5 wt %) silicon the current densities were consistently
lower than those for tht other alloys although the slope of the current
density vs time plot is the same as that for the other alloys . However ,
at pH = 10, this high silicon alloy exhibited kinetics which deviated
from the other alloys ; in that solution , an inverse logrithmic expression
was obtained

I
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Figure 69. The change in slopes of the current density vs time plots as a
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Since the current decay curves were only obtained at one potential

for each allo y, no relation between potential and current decay was

obtained. Further work in thi s area is indicated . Also , longer times
(24 hrs) for the decay curve would be beneficial; the long term corrosion

behavior of the alloy s could be classified. However , experimental
difficulties would have to be overcome. Also , some observation of the

dissolution of grain boundaries may prove useful in explaining some of the
anomalous behavior.

The enrichment of silicon in the anodic films im plies that i ron has

dissolved while the films grew durin g current decay. By finding the area

under the curves of the current density vs time plots , it is possible to

obtain the total number of coulombs passed during film growth . This amount

can be converted to the amount of i ron dissolved (W in gms/cm 2) by

Faraday ’s Law ,
w = Qi . 

M

n • F

where Q1 is the area unde r the curve in coulombs/cm 2; M is the molecular

weight of iron , 56 gms/mole; n is the valence , 2.5 equivalents /mole; and

F is Faraday ’s constant equal to 96,500 coulombs /equivalent.
Then , assuming that i ron formed an oxide rather than going into

solution (not a totally valid assumption , but necessary for convert ing

current decay to film thickness), the weight from the above expression

can be converted into film thickness. This was done by considering
only one oxide , Fe2O3, and calculating how many grams of the oxide the above

weight would yield. This value was divided by the oxide density , 5.15

gms/cm3, to yield a thickness.

These results are plotted in Figure 70 as a function of the silicon

content in the alloy.
However , the true film thickness can be approximated from the Auger

composition profiles using a sputtering rate of 1-3 A/mm . These results are
also plotted vs silicon content in the alloy and are shown in Figure 71.
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Figure 70. Film thickness calculated from the total charge passed during

- current decay plotted vs atomic % silicon .
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The difference between the values in Figures 70 and 71 represents
the amount of iron which was lost into the solution instead of forming
an oxide . This difference is greatest for alloys wi th silicon contents up
to 18 at % (10 wt %) silicon and least for 25 at % (14.5 wt %).  These
results indicate that when there is not sufficient silicon in the alloy
to dominate the passivation reaction as in the 25 at % alloy , then the
result is worse than if the i ron were left unalloyed.

This effect of increased dissolution at low silicon contents may

be a manifestation of the quality of the film , i.e., a salt film vs a

protective film. An examination of the Auger profiles shows that the

14.5Si (25 at % silicon) does not have any sulfate incorporated in its

films , while the other alloys do. Smialowska (38) and Florianovich (39)
have suggested that films which incorporate the electrolyte anion are less
protective than those that do not. Once the sulfate anion is incorporated
into the film it participates in the dissolution of the underly ing metal
wh i ch is manifested in the current decay measurements . It is not unti l
the alloy contains 14.5 wt % (25 at %) silicon that it forms a film
which resists salt formation and remains continuous and protective.

5.4 The pH Effect
By varying the solution pH in the sulfate systems, it was possible to

determine how the electrochemical behavior of the alloys was affected
by pU.

Figure 14 shows the variation of both corrosion potential , En and
passivation potential , ~~ with pH. For all the samples , there was
a linear variation of Er with pH for solutions with pt-I ~ 6.4. The slopes
of these lines did not follow the reversible hydrogen electrode line , but
they do follow from mixed electrode theory; as the pH decreased (increasing
H+ concentration), the corrosion potentials became more noble while the
corrosion current also increased . This occurs because the rate of the
reduction reaction is proportional to the concentration of the hydrogen ion
raised to the power the reaction order requires ( usually less than 2).
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The pH effect on the passivation potentials does not follow a linear

relation. This effect may be due to the high current densities generated ,

which may affect the surface reactions.
Once again the Pourbaix diagrams

Iron does not have a protective oxide in the low pH regions , and the alloy
does not contain sufficient silicon to affect passivity until 14.5 wt %
(25 at %) silicon is present in the alloy .

The effect of pH on the maximum active current density , a’ can be
seen in Figure 15. As the solution approaches the neutral pH values ,

decreases indicating that less dissolution occurs as the hydrogen ion
concentration decreases. This effect is particularly apparent in the lOOFe
sample , whose oxides are stable in the neutral pH regions (Figure la).
The alloys with 3 and 8 wt % (6.5 and 18.5 at %) silicon are not as
easily passivated as pure i ron.

At 14.5 wt % silicon , however, there is again a decrease in as
the pH increases. But at the basic pH values (pH = 10), there is an increase
in the active dissolution current of this alloy. This behavior is explained
by the Pourbaix diagrams which indicate that SiO2 dissolution occurs in
this pH region.

In the passive regions , the increase in the pH from 0 to 6 also
decreases the passive curren t densities , i~. At the l owest pH value , i~
is at a maximum. The increased dissolution of the alloys in the passive
state is also indicated in the Auger results . A comparison of the slopes
of the excess silicon lines in Figures 59 (pH = 0) and 60 (pH = 3) shows
that there is a higher ratio of silicon (2.6) in the film at pH = 0,
than there is at pH = 3 (slope = 1.9). At pH =6, the excess silicon approaches
the line of equal concentrations in the film and alloy . Thus , the effect
of pH is seen in the film; silicon enriches more at the acid pH’s. This
silicon enrichment is manifested by the variation in ~ wi th pH.

A similar analysis at pH = 10 was not possible because the passive
films on the low silicon samp l es were too thick for AES analysis. Charging
effects (34, 35) dominated the spectra of these alloys so meaningful
information was obscured .
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The effect that pH has on the current vs time behavior of the alloy s
can be seen in Figure 69. The acid ph solutions exhibit similar growth

kinetics with a slope of — 1/2. The neutral and basic solutions had slope
values of -2/3. The difference in slopes indicated that the samples
passivated more quickly in neutral solutions than in the acid solutions
where there was greater dissolution .

Thus , it has been possible to explain the pH effects observed in
terms of the equilibrium diagrams for i ron—water and silicon-water.

5.5 Breakdown of Passivity
Since previous studies (12—14) had shown that minor additions of

silicon to stainless steels enhanced their resistance to pitting , a study
of the binary pitting resistance was initiated. It was hoped that the role
of silicon in the process could be understood in terms of the pitting
models. The borate buffer with potassium chloride additions was used
instead of a sodium chloride solution because no active—pas ive behavior
was obtained in the latter solution .

The results from the pitting potential measurements indicate that low
silicon additions (3 and 8 wt %) are detrimental ; the pitting potentials
are more active for these alloys than for pure iron . However , at 10 wt ~
silicon , there is an improvement in pitting resistance. These effects may

be due to the cleanliness of the alloy . Pits may initiate at inclusions
or surface defects accounting for a less resistant alloy . However, this
l owered pitting resistance was consistant with the increased dissolution
observed for these alloys in the sulfate solutions.

No pitting was observed for 14.5 wt % (25 at %).

In terms of alloy development , the pitting results were surprising.

• In previous alloy evaluation studies (12—14) 2-3 wt % silicon enhanced
pitting resistance in stainless steels. In ligh t of the pitting results ,
the composition effect must be a synergistic effect of silicon with
another alloying element in the material. Since no silicon enrichment
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has been found in the passive films on stainless steels, the silicon may

affect the repassivation kinetics of an alloy ; this can be determined by

ternary alloy studies.

5.6 The Anion Effect
The behavior of the alloys was influenced by the electrolyte in which

the experiments were run . This next part of the discussion is divided into

the effect of the borate, the sulfate , and the chloride ions .

5.6.1 Bora te
The buffering action of a borate soluti on has been recognized (20).

But it provides a solution where the active—passive reaction on i ron has
been easily studied.

For studying the iron-silicon alloys , the solution may not have been
as adequate as it was for pure iron studies . In this solution 3 wt %
(6.5 at %) silicon was sufficient to permanently shift the rest potential ,
Er~ 

in the noble direction (Figure 66). All the i ron-silicon alloys exhibited
greater stability than pure i ron in this solution . This result may be
due to the buffering action of the solution such that small additions of
an alloying element are reflected in the corrosion potential.

In the AES results , the passive film formed on the l4.5Si sample is
comparable to the film which is on the alloy prior to ininersion in the
solu tion. Consequently, this alloy was never in the film-free state when
it was anodically polarized.

The lower s ilicon samp les , on the other hand , did develop anodic fi l ms
which contained excess silicon (Figure 58). The excess silicon probably
results from iron dissolution in the solution . This increased silicon in
the fi lm , however, cannot be correlated with the passive current densities
observed.

Seo et al (36) have postulated that the borate ion enters into the
formation of a passive film. An examination of the AES results for 3Si
and 8Si where relatively thick anodic films formed shows that boron -Is
also incorporated in these films . An added silicon reaction must be taken
Into account for the formation of the film.
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In this solution although some effects of silicon content could be

noted , the air formed films were never completely removed by the cathodic

reduction.

5.6.2 The Sulfate Ion
The action of the sulfate ion is not entirely clear. AES results

on alloys wi th less than 14.5 wt % (25 at %) silicon show that sulfur is
incorporated into the passive films . Only in the solution with pH = 10 ,

does that all ’~y form a film which incorporates sulfur. The pure i ron and
low silicon alloys had high active current densities in all the sulfate
solutions indicating that the sulfate anions accelerated their active
dissolution .

Florianovich et al (39) proposed that in sulfate solutions , the anions
of the electrolyte directly participate in the process of i ron dissolution.
Gibbs and Cohen (40) and Smialowska et al (38) also found that the anodic
films formed on i ron consisted of iron-oxy-sulfate , Fe3O4 and FeOOH(6).
These results are in accordance wi th those ideas.

The films formed on the binary alloys consist of i ron oxides , silicon
oxide , and sul fates. No compound or minera l consisting of iron silicate-
sulfate was found in a search through terhmodynamic and X-ray crystallographic
tables . The only compound which might be postulated for the low silicon
alloys might be an iron silicate , Fe2SiO4 (fayalite). But this compound
would not account for the sulfate. Thus , the i ron oxy-sulfate reaction
would still have to occur.

Smialowska (38) has postulated that the presence of sulfate ions in
the passive film decreases its protective properties . Some evidence for
this behavior can be drawn from the AES results combined with the electro-
chemical measurements . The films on the high silicon alloy (14.5 wt %) exhibit
no evidence of sulfate ; this is the alloy with the most protective film.
In the l ower silicon alloys, however , sulfate anions are indicated ; these
are the alloys with the highest dissolution rates. Thus, the film consisting
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of an iron and silicon oxide mixture with sulfa te anions affords the least
protection. Silica films such as those found on 14.5 wt % silicon alloy s
are the mos t protective and resistant to sulfate anion penetration.

5.6.3 Chlori de Ion
As a prelude to this discussion , a brief summary of the AES results

wh i ch are referred to is presented.
The AES result on pitted samples are shown in Figure 52. These results

show that some material dissolut ion took place and flowed out of the pitted
area. There are some features on these pits which are not explained.
Among these is the potassium halo about the pits ; another is that boron is
concentrated in the “flow region .” The composition profile for the flow
region , Figure 53, indicates that silicon is not a major constituent
of this material . The Auger image shows that silicon has concentrated in
the pit and that iron has dissolved. Although the Auger image does not
show an i ron enrichment and the presence of iron oxides (inserts). Chlorine
has not deposited inside the pit but is concentrated in the flow material.
It appears that the material is a ferrous borate with chloride , which has
deposited as the i ron dissolved out of the pit.

Four pitting models have been postulated in order to understand the
alloying role in the process. In the adsorbed ion displacement mode l ,
the chloride ion is suppose to adsorb on the passive film , displace oxygen
in the film , and breakdown the film. The pitting potential is that potential
at which chloride adsorption occurs. This work did not determine the
relation between adsorption and pitting potential . The same applies to the
ion penetration model.

The chemical —mechanical model proposed that breakdown occurs where the
damaging anion (chloride ) promotes the formation of pockets of non-protective ,
low density material , which affects the repassivation rate of the film.
The AES results showed the formation of a ferrous borate-chloride deposit ,
but whether this is a non—protective material , it is not possible to say.
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Certainly, no silicon oxide film was detected in the vicinity . The silicon

was concentrated only in the pit .
In the transport process model , the pitting potential , ~~ is affected

by the alloy composition , and it is the potential needed for susta i ned pit

activity . This work has determi ned E~ is composition dependent. Galvele (41)
proposes that competitive adsorption and salt film formation do not enter
into this model. In this respect the model does not explain the flow
material observed. Since E~ consists of several factors such as an over—
potential term and an inhibitor term wh i ch were not measured it was not
possible to evaluate E~ in terms of predicted values vs measured values .

6.0 CONCLUSIONS
The conclusions which are reached on the basis of the experimenta l

resul ts presented in this work are :
(1) The beneficial effects of silicon alloying for corrosion

resistance is not effective unti l the alloy contains 14.5 wt % (25 at %)
silicon ; silicon contents of less than 8 wt % (15 at %) are detrimental to
the corrosion properties in sulfate and chlori de solutions .

(2) Silicon enrichment and the formation of an Si02 film are
responsible for the corrosion resistant properties.

(3) The formation of an Si02 film resists the penetration of the
sulfate anion .

(4) Since no evidence of enhanced pitting resistance was noted in
3 and 8 wt % (6.5 and 15 at %) silicon alloys , it is postulated that
the increased pitting resistance noted in stainless steels with 2-3 %
silicon is due to a synergistic effect of silicon wi th another alloying
element.
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