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Stainless steels passivate in air by forming a very thin (a few nanometre thick) protective film of Fe and
Cr mixed oxides. The nature and the protective properties of this film change if the stainless steel
surface is previously exposed to elevated temperatures. Thermal treatment, chemical processes and
mechanical manufacture to which stainless steel surfaces are normally subject, result in changes to the
surface conditions, and therefore to modification of the corrosion resistance. Among the various forms
of corrosion of stainless steels, crevice corrosion is undoubtedly the most common in industrial en-
vironments and one of the most insidious from an engineering point of view. In this work the effects of
surface conditions, in particular as a consequence of exposure at moderately high temperature ranging
between 150 and 300 °C, on the corrosion behaviour of type AISI 304L stainless steel have been
investigated. The aim has been to verify if common treatments causing local heating, such as welding,
even in remote regions, thermal stretching, grinding, exposure to superheated steam, or sterilisation
processes can constitute aggravating circumstances in respect of crevice corrosion susceptibility.
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1. Introduction

Stainless steels show excellent resistance to general
corrosion in many environments due to the formation
of a highly protective surface film [ 1]. However, in
many cases, particularly in the presence of chlorides,
stainless steels undergo localized attack, resulting in
pitting, crevice corrosion and stress corrosion crack-
ing, which are associated with the localised break-
down of the surface passive film [ 2].

Among the most crucial metallurgical factors de-
termining the corrosion resistance of stainless steels,
the alloying elements, the impurities in the steels and
the surface conditions play a significant role [3—6].
The surface state of commercial stainless steels can-
not be generated as sufficiently defined for the re-
producibility of corrosion tests on a laboratory scale.
For this reason samples are conditioned with abra-
sive papers or chemically or electrochemically pre-
treated. In some cases the mechanical preparation is
followed by pickling and/or passivation. The prepa-
ration of the metal surface is crucial, especially on a
mostly passive surface, in that the local collapse of
the passive state is responsible for the onset of the
localized corrosion attack [7]. The influence of sur-
face pretreatment on the susceptibility to crevice
corrosion has been investigated by a number of au-

thors. Syderberger [8] studied the crevice corrosion of
austenitic and austeno-ferritic stainless steels. His
results suggest that the breakdown of passivity on
surfaces with crevices is preceded by pitting corro-
sion, preferentially stimulated by inclusions of MnS.
The beneficial effects of chemical attack or passivat-
ion as a pretreatment was interpreted as due to the
removal of such inclusions from the steel surface.
Ericsson et al. [9] investigated the resistance of AISI
316 stainless steel to pitting corrosion; chemically
pretreated surfaces turned out to be the most resis-
tant. Hultquist and Leygraf [10] continued the same
work by determining the surface composition of the
surface oxides. By means of Auger spectroscopy, they
found a surface enrichment with chromium, higher
for passivated samples. They concluded that the initial
steps of crevice and pitting corrosion are of a different
nature.

Crolet et al. [11] tried several chemical treatments
to ‘decontaminate’ the steel surface. They concluded
that a chemical pretreatment of pickling or passi-
vation improves the resistance to pitting and crevice
corrosion significantly.

The same conclusion was reached by Kain [12]
with AISI 316 stainless steel in seawater. This author
has also shown that electropolished surfaces exhibit
the minimum susceptibility to crevice corrosion.

*This paper is dedicated to the memory of Professor Giuseppe Bianchi.
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Grubb [13] has shown the positive effect of pick-
ling corrosion by removing the Cr-deficient layers
which can form during annealing at high tempera-
tures. Lu and Ives [14] have shown that crevice cor-
rosion can be mitigated by inhibiting the cathodic
process. This can be achieved by a pretreatment in
solutions containing rare earth elements, or by ion
implantation of cerium.

Surface finishing is therefore a very important
factor: the smoother the surface, the higher the re-
sistance to the two forms (pitting and crevice) of lo-
calized corrosion. However, a definite correlation
between laboratory tests and industrial plant condi-
tions has not yet been established. [15-17]

Bianchi and coworkers [3, 18] studied the influence
of oxide films formed at various temperatures in air
on the resistance of AISI 304L stainless steel to pit-
ting corrosion in glycero-ethanolic solutions of FeCls.
These authors have pointed out the importance of the
surface preparation and a correlation between the
electronic conductivity and ionic structure of the air-
formed oxide films and the susceptibility to pitting
corrosion.

Parts of industrial plants can frequently undergo
overheating by some hundred degrees as a conse-
quence of welding, in the HAZ, or grinding, as well as
of exposure to hot gases, superheated steam etc. The
thin coloured oxide layers thus formed on the metal
surface are usually removed by chemical pickling
since they are universally recognised to be deleterious
for the corrosion resistance of the alloy. In contrast,
the colourless films formed at lower temperature,
being invisible, are not usually removed.

The purpose of the present work was to investigate
the influence of these colourless oxides when grown in
air at 150 to 300°C on the resistance of AISI 304L
stainless steel to crevice corrosion. The study was car-
ried out by means of corrosion tests and electrochem-
ical measurements on previously oxidised samples.

2. Experimental details
2.1. Materials

A 3 mm thick plate of AISI 304L stainless steel, of
composition (wt %) Cr 18.09, Ni 10.05, Mn 1.38, Si
0.35, P 0.032, N 0.032, C 0.024, S 0.005 and Fe bal-
ance was cut into square samples of total 4 cm?
surface area.

2.2. Surface pretreatments of samples

The following pretreatments were tested in the search
for the best reproducibility:

(A) Polishing with abrasive paper down to 600 grit.

(B) Polishing as in (A) followed by immersion in
20% HNO;3 for 15 min.

(C) Polishing with abrasive paper down to 4000 grit
followed by electromechanical cleaning for
Imin in a solution containing oxalic acid

(16 gdm™), tartaric acid (80gdm™), and
y-alumina (2-3 gdm™) under anodic current
(density 10-15A"*cm™) at a disc speed of
125 rpm.

Method C was chosen as the surface preparation
method since it produced homogeneous fresh surface
which allowed the growth of a homogeneous oxide
surface layer. This enabled meaningful and repro-
ducible results to be achieved in tests of resistance to
crevice corrosion.

2.3. Heat treatment

Samples of 304L stainless steel already polished (de-
scribed previously) were subjected to heat treatment
in a continuous air stream at temperatures in the
range 150 to 300 °C for 30 and 120 min. The samples
were then cooled in a helium stream for 30 and
90 min, respectively, so as to quickly stop the oxida-
tive process. Cooling in He was produced similar
results with respect to the oxide growth as in air, but
in a shorter time.

2.4. Testing crevice corrosion susceptibility

Two experimental approaches were used, the first
electrochemical, the second chemical: measurement
of the depassivation pH [19] and modification of the
standard ASTM G 48-76 method [20], combined
with a multiple crevice system [21].

2.4.1. Electrochemical test (depassivation pH) pH is a
crucial parameter for the onset of crevice corrosion.
Its effect can be evaluated from the change of the
shape of polarization curves with pH. Samples were
mounted on an electrode holder of the type described
by Stern and Makrides [22] appropriately modified to
hold thin sheet samples (Fig. 1). The edges of samples
were protected by Teflon ribbon, since they were not
prepared as the two faces of the samples.

Polarization curves were recorded potentiody-
namically at 0.1666 mVs™"' up to a potential of 0.1V
(passive state). Current was automatically recorded
as a function of potential. A polarization cell of the
type described in the ASTM G5-69 (964) specification
with a saturated calomel reference electrode was
used. A nitrogen stream was used to dearate the so-
lutions which were kept at 25°C.

The composition of the aqueous solution was
3.5% by weight NaCl; the pH was regulated to the
desired value by means of 0.1 M HCI additions. Be-
fore each run, the samples were left in the solution at
open circuit for 10min. The electrodes were then
subject to cathodic polarization starting from —0.6 V
so as to establish conditions of better reproducibility.
The susceptibility to crevice corrosion was expressed
in terms of the pH at which the critical passivation
current (i) reached the value of 10 uA cm™ [23]. This
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Fig. 1. Electrode holder for thin sheet samples used in electro-
chemical tests: (A) electrode mounting rod, (B) PTFE gaskets and
(C) sample sheet.
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criterion is to some extent arbitrary, but it is ap-
proximately equivalent to a corrosion penetration
rate of 0.1 mm per year and may therefore be con-
sidered to represent the onset of a significant crevice
corrosion rate.

2.4.2. Chemical test The chemical test used in this
work was a modification of the standard ASTM 48—
76 test in a 6% FeCl; solution combined with a
multiple crevice system. The standard test was mod-
ified (i) because of the strong effect of FeCl; on the
304L stainless steel, which rendered the test nondis-
criminating in evaluating the resistance of the oxi-
dized samples to crevice corrosion, and (ii) because of
the different size of the samples with respect to the
standard recommendations.

The crevice system was realized using Teflon cyl-
inders, treated with 2400 grit emery paper to increase
the probability of onset [24], with three grooves
producing six crevices so as to give some statistical
significance to the method. The system sample/Teflon
was assembled by means of Viton O-rings of 15.8 mm
diameter (Fig. 2). Tests lasted two hours at 20 °C and
the temperature was controlled by means of a Haake
F3-CH thermocryostat. Three different samples were
used in each experiment .

Crevice corrosion was evaluated on the basis of
visual inspection of the sample and of a gravimetric
analysis with a resolution of 0.001 g, after immersion
for 15min in 10% HNO; at 60°C to eliminate the
corrosion products. From the FeCl; tests information
was obtained on the following items: (i) number of

127 mm (&)

Fig. 2. Assembly system of samples in chemical tests: (A) sample,
(B) O-ring and (C) PTFE cylinder.

crevices, (ii) number of (eventual) pits, (iii) extent of
crevice attack (%) and (iv) weight loss. For items (ii)
and (iii), an image analysis technique was used by
means of a Wild Heerbrougg Stereo and a Leica Q
500MC analyser. The image was first projected on a
screen at 8x magnification, then digitized on the basis
of the level of greys, and finally modified manually.
The number of pits and the fraction of attacked area
were obtained by means of the analyser.

XPS analyses were carried out on the surface, as
well as at a depth of 18 nm, to determine the amount
of Fe, Cr, and Ni in the oxide layer resulting from
two of the most significant treatments (200 and
300 °C). A nonoxidized sample was used as reference.
High resolution multiplexing was performed using an
energy window of 568 to 594 ¢V and 701 to 736 ¢V for
Cr and Fe, respectively. An MgK, X-ray source was
employed for all measurements, using a beam voltage
of 15kV at 400 W. The sample area analysed was
approximately 3 mm?.

3. Results and discussion

Surface preparation is one of the parameters which
most influences the onset of crevice corrosion: for
example, the pH of passivation (pH,) depends criti-
cally on the surface state of the sample. The following
results stress the criterion adopted in this work for
surface preparation prior to oxidation treatments.
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3.1. Thermally nonoxidized surfaces

3.1.1. Electrochemical tests. Figure 3 shows a typical
family of polarization curves recorded at different pH
between —0.6 and 0.1V, for samples pretreated ac-
cording to method C (cf. Section 2.2). Depassivation
pH values (pHq4) were derived by plotting, for each
family of curves, the height of the active peak (i)
(the ‘nose’) as a function of pH, and interpolating the
plot at 10 uA cm™>, a value deemed significant for a
detectable onset of crevice corrosion. The depassi-
vation pH referred to the various surface preparation
types, as displayed in Fig. 4, are 3.6 for pretreatment
A, 1.75 for B and 2.62 for C, as confirmed by similar
tests not shown in this paper. The use of HNOj as a
surface passivating and decontaminating solution
results in a decrease in pHy4 by about two units. Since
a high susceptibility to corrosion is dependent upon a
high pHy an intermediate pHy for sample C led to a
decision to adopt such a pretreatment for preparation
of sample surfaces prior to oxidation.

3.1.2. Chemical tests. Chemical tests provide the fol-
lowing information: (i) the number of crevices and
(ii) extent of crevice attack. Scrutiny of the data in
Table 1 shows that samples B behave quite differently
from A or C. This indicates that treatment in HNO;
is more discriminating than mechanical or electro-
mechanical polishing. This is in agreement with Kain
[12] and Crolet et al. [11]. The short duration (2h)
and the small ratio between cathodic and anodic ar-
eas ensure that the results reflect mainly the suscep-

Table 1. Chemical test results on samples (three for each treatment)
subject to different surface treatments

Surface  Crevice attack Extent attack
treatment (number of sites) /%

1 2 3 sum 1 2 3 mean
A 11 8 8 27 504 286 2.65 3.51
B 2 5 2 9 043 1.6 024 0.75
C S 7 9 21 242 226 438 3.02
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Fig. 3. Polarization curves of samples polished with emery paper down to 4000 grit followed by electrochemical cleaning as a function of
pH: (1) pH4.0, (2) pH 3.8, (3) pH 3.7, (4) pH 3.5, (5) pH 3.2, (6) pH 3.0.
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Fig. 4. Plot of the critical passivation current as a function of solution pH for samples pre-treated according to (1) method A, (2) method B,
(3) method C (cf. Section 2.2). The identification of the depassivation pH (pHy) is indicated.
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tibility to the initiation step rather than the resistance
to the propagation process of crevice corrosion.

On the basis of the results of both electrochemical
and chemical tests it can be concluded that the surface
preparation (using abrasive paper down to 4000 grit)
and electromechanical cleaning (method C) can be
properly used as a basis for the successive thermal
treatments. In fact, sample A (polished with abrasive
paper down to 600 grit) undergoes a marked localized
corrosion, whereas for sample B (immersed for 15 min
in 20% HNOj after the same mechanical treatment as
for sample A) corrosion is inhibited by HNOs;.
Therefore, to obtain meaningful and reproducible re-
sults, a surface treatment avoiding extreme conditions
(either too much or too little corrosion) is necessary.

Observation by SEM of samples A and C has
shown the absence of any sign of polishing on the
surface of sample C. As for the effect of surface
pretreatment on the results of thermal treatments, a
perfectly smooth surface ensures a homogeneous
growth of oxidation, as shown by Caplan et al. [25].
The experimental data obtained with sample C have
been taken as a reference for the discussion of the
results obtained with oxidized samples, and are
summarized in Table 2.

3.2. Thermally oxidized surfaces

3.2.1. Electrochemical tests. Figure 5 shows a typical
family of polarization curves recorded at various pH

Table 2. Experimental data from electrochemical and chemical tests
on sample prepared by method C

Quantity Value
pHy4 2.62
Crevice attack (number) 21
Extent attack/% 4.58
Pits/cm™> 17
Weight loss/mg 15.8

from —0.6 to 0.1 V for samples oxidised at 150 °C for
120 min. An increase in acidity results in a shift of the
cathodic polarization curve toward higher currents
(higher availability of H" ions). The influence of
acidity is visible on the passivation process, in the
sense that a decrease in pH produces an increase in
the critical passivation current. The variation of E.q,.
as a function of pH is, in general, toward a more
noble potential as pH decreases: this also indicates
the important role of acidity in the equilibrium be-
tween metal surface and solution.

It is intriguing that while E.,, depends on pH
for oxidized samples, this is not the case for E.,, of
non-oxidized samples. A plausible explanation is that
oxidized surfaces are subject to acid—base equilibria
which establish pH-dependent surface potentials,
while such equilibria are not operative with nonoxi-
dized surfaces.

A typical plot of the critical passivation current as
a function of pH is shown in Fig. 6 for a sample
oxidized at 300°C for 30min. The location of the
depassivation pH is also shown. The values of de-
passivation pH for the various thermal treatments are
collected in Table 3.

As the oxidation temperature is increased, the pHy
value decreases for both oxidation times. At the
highest temperatures there is a trend toward an in-
crease in pH for the longer times. This can be un-
derstood in terms of Cr migration being a function of
temperature as well as of exposure time. Comparison
with the initial pH (2.62) suggests that treatment at
relatively high temperature improves the resistance to
crevice corrosion, and that an increase in temperature
produces a similar effect as that of a surface treated
with nitric acid.

3.2.2. Chemical tests. Optical microscope images of
three samples subjected to different pretreatments are
shown in Fig. 7; this illustrates the influence of
thermal treatment on the development of localized
(crevice and pitting) corrosion. The number and size
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Fig. 5. Polarization curves of samples heated in air at 150 °C for 120 min as a function of pH: (1) pH 4.0, (2) pH 3.0, (3) pH 2.0, (4) pH 1.8,

(5) pH 1.5, (6) pH 1.0.
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Fig. 6. Plot of the critical passivation current as a function of solution pH for a sample heated in air at 300 °C for 30 min. The depassi-

vation pH (pHy) is indicated.

Table 3. Depassivation pH of samples thermally oxidized as a
function of the treatment time

Temperature/ °C pHy4 (30 min) pH, (120 min)

150 2.25 1.98
200 1.6 1.5

250 1.5 1.89
300 1.3 1.35

of pits increase as the oxidation temperature is in-
creased, whereas the extent of crevice attack de-
creases. Table 4 summarizes the experimental results.
The values are obtained as the mean of three inde-
pendent tests, except for the crevice attack, whose
values are the sum of the three experiments (cf. data
in Table 1). Comparison with the data in Table 2
shows that electrochemical and chemical tests lead to
similar results. Thermal treatment at 250-300°C
gives the formation of an oxide layer less resistant to
localized corrosion, so that heavy pitting occurs on
the external surface and decreases the intensity of the
attack within the crevice. The propagation of the
attack is measured by weight loss, which obviously
encompasses crevice attack and pitting. Weight losses
are rather similar with the exception of those for the
treatment at 300 °C: at the two exposure times op-
posite values are observed, that is, the highest and the
lowest weight loss.

Some tendency for weight loss to increase with the
temperature of the thermal treatment is evident. The
treatment at 300°C for 120min shows the highest
number of pits per cm? that is, such a treatment
makes the resistance to corrosion worse. A similar
conclusion was achieved by Bianchi et al. [18], who
pointed out that the p-type conductivity of these films
indicated the possibility of anionic migration through
the oxide lattice creating conditions of pit nucleation.
In the present case the nucleation of crevice corrosion
should occur with a similar mechanism, but the in-

crease in attack intensity is more evident for pitting
corrosion than for crevice corrosion. The preferential
attack of pitting corrosion relative to crevice corro-
sion may be due to the easier pitting nucleation on
the alloy surface than within the crevices by the ac-
tion of the cathodic process.

If the values of the experimental parameters for
both oxidation times are compared as a function of
the oxidation temperature, the following trend are
identified:

(1)  Anincrease in temperature results in a decrease
in the number of crevices, while the percentage
crevice attack first decreases, then increases
again; the most remarkable differences between
the oxidation at 30 and 120 min are observed at
150°C.

(i) The number of pits increases with temperature
and with the oxidation time.

(i) The weight loss first is almost constant. An
increase is then visible especially for the sam-
ples oxidized for longer times.

3.3. XPS analysis

Figure 8 compares the Fe (2p) spectra for unoxidized
samples (a) and for samples oxidized at 300 °C for 30
(b) and 120 (¢) min. Figure 9 shows the Cr (2p)
spectra for unoxidized samples (a) and for samples
oxidised at 300 °C for 30 min as received (b) as well as
sputtered a depth of 18 nm. A complete analysis of
the surface composition for as-received samples, as
well as for sputtered samples at a depth of 18 nm, has
revealed that:

(i)  on the surface of samples oxidized at 200 and
300°C there is a prevalence of FeO and
FeOOH, Cr and its oxides being below the
detection limits of the instrument. In contrast
for untreated samples Cr oxides, typical of
stainless steels, are detected. For samples ex-
posed for 30 min the amount of FeO increases
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Fig. 7. Crevice and/or pitting corrosion development after chemical
testing; (a) unoxidized, (b) oxidized at 250 °C for 120 min, (c) ox-
idized at 300°C for 120 min (4x). Large spots: crevice corrosion
attack; small spots: pitting corrosion.

Table 4. Samples oxidized at temperatures between 150 and 300°C "

Temperature| °C 150 200 250 300
Crevice attack (number) 30min 13 10 13 8
120min 24 10 10 14
Extent of attack (%) 30min 092 0.64 1.55 1.4
120min 3 0.44 1.04 2.14
Number of pits/cm ™ 30min 17 26 54 38

120min 44 33 36 145

30min  6.03 52 9.6 3.17

Weight loss/mg
120min 647 6.57 5.6 11.57

* Mean of three independent tests.

with temperature, whereas for the samples
treated for 120 min the proportion between the
two oxides remains practically constant.

(i) ata depth of 18 nm, the amount of Fe decreases
with increasing temperature, while Fe oxides
increase in percentage (mol %), and the same
behaviour is observed for Cr and Cr,0;.

Finally, the XPS analyses have confirmed the
prevalence of Fe on the surface of samples oxidized
for 30 min, whereas a mixture of Fe and Cr oxides is
present below the surface layer as proved by ion
etching at an 18 nm thickness of sample. At room
temperature the stainless steel surface is covered
by a film of Cr + Fe mixed oxide, presumably
Fe(Fe, Cr),04, whereas on the surface of treated

(a)
T T T T
(b)
4 1 1 L
T T T T
(c)
A i
I 1 1
736 729 722 715 708 701
B.E./eV

Fig. 8. High resolution XPS spectra of Fe(2p) for as received
samples (a). Non-oxidized; (b) oxidized at 300°C for 30 min; (c)
oxidized at 300 °C for 120 min.
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Fig. 9. High resolution XPS spectra of Cr(2p) for samples: (a)
nonoxidized, as received; (b) oxidized at 300 °C for 30 min, as re-
ceived; (c) same as (b), sputtered to a depth of 18 nm.

samples the oxide layer is externally rich in Fe, while
internally it consists of Fe + Cr.

The double oxide structure is presumably associ-
ated with the higher mobility of Fe ions in the layer of
natural passivity (n-type semiconductor) existing on
stainless steel. The rapid diffusion of Fe through the
oxide film produces a Fe concentration gradient at
the metal-oxide interface.

4. Conclusions

(i)  Mechanical pretreatment and the chemical na-
ture of the surface of samples are critical factors
affecting susceptibility to localized corrosion.

(i) Mechanical plus electrochemical treatment en-
sures the best reproducibility since it avoids
local work-hardening and any mechanical dis-
turbance modifying the susceptibility to local-
ized corrosion.

(iii)) Heat treatment at moderately high tempera-
tures (150 to 300 °C) in air substantially modi-
fies the nature of the passive film, thus creating
conditions which favour nucleation and devel-
opment of localized corrosion.

(iv) XPS analysis shows that an increase in oxida-
tion temperature decreases the amount of sur-
face chromium (Cr, Cr,0O;3), with consequent
growth of a nonprotective film of iron oxides
(FeO, FeOOH). This effect is already evident at

200 °C. Cr-deficient films favour the suscepti-
bility of the alloy to pitting corrosion rather
than crevice corrosion. This aspect has been
especially pointed out by the chemical tests in
FeCl; solutions .

(v)  The even greater pitting development observed
on the specimen thermally treated at 300°C
results in a lower development of crevice cor-
rosion. This is mostly evidenced by the chemi-
cal tests where the whole cathodic process due
to Fe** to Fe?" reduction must be considered
as mostly involving pitting rather than crevice
corrosion. Actually, the geometrical constric-
tions within the crevices and the n-conductivity
of the surface oxide film favour the nucleation
and development of pitting corrosion instead of
crevice corrosion.

(vi) In contrast, the above aspect is not so evident
in electrochemical tests. In fact, localized cor-
rosion, which proceeds on the open surface, is
depressed by the presence of a thermally mod-
ified layer (decrease in depassivation pH). This
indicates definite difference between chemical
and electrochemical tests, despite these being
both recommended by present international
standards.

The above points suggest that caution should

be adopted during and after operations such as

brazing, welding, lapping, sterilization etc.

(viii) Removal of oxide films is necessary even from
surfaces which have undergone modest tem-
perature increases (150 to 300 °C), so as to re-
store the natural state of passivity which is fair
less susceptible to the initiation of localized
corrosion than crevice corrosion or pitting.

(vii)
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