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Abstract: The oxidation of stainless steel with Fe-Sn inter-
metallics adhesion in 300 °C water was studied by analyz-
ing the morphologies and phase structures of surface
oxide films. The oxidation behavior of stainless steel was
discussed in order to illustrate the effect of Fe-Sn interme-
tallics on the oxidation characteristic. Larger size of
faceted spinel and small size of SnO, particles are
observed on the samples with Fe-Sn intermetallics adhe-
sion, whereas smaller faceted hematite and spinel grow on
the samples without Fe-Sn intermetallics adherence. The
surface intermetallics aggravates the spalling of oxide par-
ticles and decreases the corrosion resistance of stainless
steel. Such deterioration is attributed to the loose micro-
structure characteristic and the poor corrosion resistance
of SnO, particles formed in high temperature water.

Keywords: stainless steel, low melting point metal Sn,
oxidation, SR-GIXRD, electrochemical impedance spectra

Introduction

Type 304 stainless steel is widely used as construction
material in nuclear power plants. An issue that oxide
films on stainless steel depend on oxidizing environments
and effect on metal properties has been considerable
attention. Such dependence critically affects the perfor-
mance characteristics of stainless steel matrix, such as
resistance to localized corrosion and degradation [1, 2].
The influence of water chemistry on the growth of oxide
films in high-temperature water has been investigated by a
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number of researchers, and the oxidation mechanisms
have been proposed during the oxidation process [3-8].
However, the surface quality of stainless steel is an
another important issue during oxidation because of the
degradation in corrosion and oxidation properties of the
substrate [9]. Therefore, it is essential to understand the
effect of surface quality on oxide films.

During the fabrication and application of stainless
steel, the surface-related problems including the choice of
preliminary surface treatment, surface residual stress and
surface contamination are brought into focus. Some studies
have been reported on the correlation between oxide films
formed in high temperature water and metal surface states.
Warzee etal. [10] investigated the corrosion behavior on
preliminary treatment surfaces of 304 stainless steel, but
failed to identify the oxidation differences among various
surface-treated samples because of the low corrosion rates
in high temperature water. Laffont et al. [11] and Ghosh et al.
[12] found that mechanical polishing and finish grinding
changed the thickness of oxide films [11, 12]. Ziemniak
etal. [13] proposed that electropolishing decreased the cor-
rosion property of 304 stainless steel in high temperature
water. Lozano-Perez et al. [14] studied the influence of cold
work and applied stress on the oxidation of 304 stainless
steel in the simulated primary water of a pressurized water
reactor [14]. Although several researchers have discussed
the role of surface treatment on the formation of oxide films,
few studies have been published on the oxidation behavior
of 304 stainless steel with surface contamination adhesion
in high temperature water.

The contamination on the component surface can be
induced by abrasion, scratching or contacting during the
post-fabrication cleanup and the fabrication processes.
Low melting point metals as the typical surface contam-
ination may contact with stainless steel and cause brittle
fracture [15-18]. Such contact occurrences during the fab-
rication of nuclear facilities are prohibited by several
international standards, including ASME NQA-1 and
RCC-M [17, 18]. Nevertheless, fundamental concerns
remain as how surface contamination influences oxide
film formation. According to RCC-M standards [17], low
melting point metal Sn is a typical contaminant source,
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which induces the embrittlement of metals [15] and accel-
erates the corrosion failure of stainless steel containers
[16]. It is an interesting research direction to investigate
the effect of surface Sn attachment on stainless steel
oxidation.

In our previous work, it is found that the metallurgi-
cal adhesion of Sn on 304 stainless steel during interac-
tion results in the formation of interfacial (Fe, Cr)Sn,
layer [19]. Spontaneously, in the present study, the
oxidation of Fe-Sn intermetallics adhered on 304 stain-
less steel was investigated by comparing surface oxide
films grown on 304 stainless steel samples. After expo-
sure in 300 °C water, the morphologies and phase struc-
ture of the oxide films were examined by scanning
electron microscopy (SEM) and synchrotron radiation-
grazing incidence X-ray diffraction (SR-GIXRD). Finally,
the quality of the oxide films was evaluated on the basis
of electrochemical measurements.

Experimental

The composition of employed AISI 304 stainless steel was
listed in Table 1. The tested samples were cut into small
strips and mechanically abraded with emery paper up to
grade #1200. Sn was firstly adhered onto the samples by
dipping the strips into a liquid Sn bath at 250°C and
reacting for 60 min. After reaction, the samples were
quickly extracted from the molten liquid and cooled in
air. Surface residual Sn was dissolved to expose the (Fe,
Cr)Sn, layer using 90 vol.% ethanol and 10 vol.% nitric
acid solution by ultrasonic cleaning. Oxidation testing in
high temperature water was carried out in a 625 Ni-based
alloy autoclave containing 700 ml aerated ionized water.
The samples were oxidized in 300 °C/15 MPa water from
24 to 480 h. After exposure, the samples were cleaned
and dried. For comparison, samples without (Fe, Cr)Sn,
layer oxidized in high temperature water were also
prepared.

Table 1: Chemical composition of the 304 stainless steel (wt.%).

C Cr Ni Mn Si Mo S P Fe

0.025 17.96 9.21 1.06 0.64 0.09 0.005 0.02 Bal

The microstructure and phase composition of (Fe, Cr)Sn,
layer before oxidation were examined by SEM Zeiss
Supra55 and XRD-6000, respectively. The weight loss of
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the samples after oxidation was measured using AL 104
Mettler Toledo electronic balance with a measurement
accuracy of 0.1mg. The morphologies of oxide films
were observed by SEM. Energy dispersive X-ray
spectroscopy (EDX) was performed to identify chemical
compositions, and SR-GIXRD) was conducted to analyze
phase structure of oxide films. Compared with the tradi-
tional X-ray sources, the synchrotron radiation is a new
powerful source of X-ray radiation because of the much
larger flux and much higher resolution. The synchrotron
radiation X-ray has been increasingly used for materials
characterization [20-22]. SR-GIXRD was carried out at the
1W1A scattering station on the 1W1 beam-line of the
Beijing Synchrotron Radiation Facility (BSRF). The wave-
length and energy range were 0.1547 nm and 13.9~8.05
keV, respectively. The incident angle of the X-ray beam
was set at 0.3° using a Huber five circle diffractometer.
For comparison, conventional GIXRD was also conducted
using D8 Focus X-ray. A relatively acceptable diffraction
pattern was achieved at an incident angle of 1°, given
that the valid range of incident angle for D8 Focus X-ray
is among 0.8 and 3°.

All electrochemical measurements were performed
with a conventional three-electrode cell in 3.5 wt.%
NaCl solution. The test cell consisted of the sample as
working electrode, a platinum foil as the counter elec-
trode, and an Ag/AgCl electrode as the reference elec-
trode. The region of samples in contact with NaCl
solution is circular with a diameter of 10mm.
Potentiodynamic polarization was scanned from —0.7 to
1.0 V (Ag/AgCl) at a scan rate of 0.5 mV/s. The electro-
chemical impedance spectra (EIS) were measured in the
frequency range from 100 kHz to 0.01 Hz at the open
potential with an Ac excitation amplitude of 10 mV. For
EIS data modeling and curve-fitting method, Z-view
impedance software was used.

Results and discussion

Morphology and phase structure of oxide
film

Figure 1 shows the pre-oxidation SEM micrograph and
XRD pattern of the (Fe, Cr)Sn, layer on 304 stainless steel.
The surface micrograph shows an intermetallic layer after
the interaction of Sn with 304 stainless steel, as shown in
Figure 1(a). Such layer is composed of plate-type and
block-type grains according to the morphology micro-
graph. The composition of the layer was determined as
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Figure 1: SEM micrograph and XRD pattern of (Fe, Cr)Sn, layer on 304 stainless steel before oxidation: (@) morphology of (Fe, Cr)Sn, layer
after dissolution of surface Sn adhesion, (b) XRD pattern of the (Fe, Cr)Sn, layer.

26.37 at.% Fe, 3.69 at.% Cr, and 69.95 at.% Sn by EDX.
Our previous studies indicate that the average thickness
of the intermetallic layer is about 5 pm [19]. XRD profile
shows that the formation of (Fe, Cr)Sn, intermetallics
after the interaction of liquid Sn with stainless steel, as
shown in Figure 1(b).

Figure 2 shows the SEM morphologies of oxide films
formed on the samples with (Fe, Cr)Sn, adhesion after
exposure to 300 °C water. After oxidation, the amount of
plate-type, irregularly shaped compound exist and the
cracks are present on the surface after 24 h exposure
(Figure 2(a). Figure 2(b) and (c) shows the morphologies
after samples exposed in water for 240 h. Figure 2(c) is a

magnified morphology of Figure 2(b). It is observed that
the surface is predominantly covered by micrometer-sized
faceted particles and small loose particles. Table 2 shows
the composition of the oxide film, determined by EDX,
analysis of the selected sample regions as shown in
Figure 2(c). The faceted particles are composed of Fe-
rich oxides, whereas the small loose particles are made
of Sn-rich oxides. In Figure 2(d), the number of the
faceted particles increases as the exposure period to
480 h.

Figure 3 shows the SEM morphologies of the oxide
films on the samples without (Fe, Cr)Sn, after exposure in
300°C water. In Figure 3(a), after 24 h exposure, the

Figure 2: SEM morphologies of the oxide
films on 304 stainless steel with (Fe, Cr)
Sn, adhesion after exposure to 300 °C
water for various periods (a) 24 h

(b) 240 h, low magnification, (c) 240 h,
high magnification, (d) 480 h.
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Table 2: Chemical composition at the selected regions (shown in
Figure 2(d), wt.%).

o Fe Cr Ni Sn
Area A 32.1 5.3 0.7 0.8 61.1
Particle B 31.3 60.9 0.7 4.2 2.9

average size of the faceted oxide particles in this setup is
considerably smaller than that of the sample with (Fe, Cr)
Sn, adhesion. With increasing immersion time to 240 h,
some outer faceted particles grow, resulting in irregular
sized particles, as shown in Figure 3(b). In Figure 3(c),
after exposure in water for 480 h, it can be seen that both
the average size and the quantity of the outer faceted
particles increased.

Figure 4(a) shows GIXRD patterns of the oxide films
on 304 stainless steel after exposure in 300 °C water. It
can be observed that the matrix characteristic peaks are
the main, while the oxide peaks are secondary. The
results indicate that the diffraction has penetrated the
oxide films and scan the substrate, which are

not express the full information of the oxide films.
Therefore, SR-GIXRD is carried out to detect the structure
of the oxide films on 304 stainless steel after exposure in
300°C water, as shown in Figure 4(b). The SR-GIXRD
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patterns of the samples without (Fe, Cr)Sn, reveal the
characteristic oxide peaks of hematite structure, which
can be non-stoichiometric a-(Fe, Cr),0; composition [5].
During oxidation in high temperature water, spinel also
forms as (Fe, Cr);0,. After 480 h exposure, the relatively
intensity of the hematite peaks decreases, whereas the
spinel peaks increase, suggesting the increased propor-
tion of spinel in the surface oxide films (Figure 4(b)).
Many previous works [3, 4, 6, 17] suggested that the
morphologies of spinel and hematite particles on 304
stainless steel are distinctly different. Spinel particles
occur primarily as faceted particles, whereas hematite
particles are mostly equiaxial with curving edges and
blunt angles. In high temperature water containing high
dissolved oxygen concentrations, hematite structure initi-
ally grows on the surface because of its thermodynamic
stability. During subsequent oxidation, spinel particles
develop in the inner layer next to the matrix.

When the surface of 304 stainless steel is adhered by
(Fe, Cr)Sn,, the phase structure of oxide films can be
modified. Figure 4(c) shows the SR-GIXRD patterns of
the oxide films on (Fe, Cr)Sn, adhered samples after
exposure to 300 °C water. After 24 h exposure, the oxide
film significantly changes from hematite to Sn-rich oxide
and spinel. On the basis of the EDX results and SR-GIXRD
patterns, the large faceted particles in Figure 2 are spinel

Figure 3: SEM morphologies of the oxide films on 304 stainless steel without (Fe, Cr)Sn, adhesion after exposure to 300 °C water for various

periods (a) 24 h (b) 240 h, (c) 480 h.
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Figure 4: GIXRD and SR-GIXRD patterns of the oxide films for 304 stainless steel after 24 and 480 h exposure to 300 °C water, (a) GIXRD,
without (Fe, Cr)Sn, adhesion, (b) SR-GIXRD, without (Fe, Cr)Sn, adhesion, (c) SR-GIXRD, with (Fe, Cr)Sn, adhesion.

oxides, whereas the small particles are SnO,-based oxi-
des. The high intensity of the spinel characteristic peaks
suggests the growth and high crystallization of the
faceted particles after 480 h exposure. However, no
obvious increase in the intensity of the SnO, peaks was
observed (Figure 4(c)).

The oxide formation is largely dependent on their
thermodynamic stability. From Pourbaix diagram for
high temperature water [23, 24], the hematite structure
is much more stable than spinel and firstly precipitated in
oxygen-dissolved water. The first formation of hematite
and subsequence growth of spinel was also confirmed by
Wu etal. [5]. Soma etal. [25] recently found that high
concentration of dissolved oxygen in the water leads to
high corrosion potential of stainless steel and high ther-
modynamic stability of the hematite oxides. Likewise the
low dissolved oxygen in water is correlative to low corro-
sion potential of stainless steel and prefers to the forma-
tion of spinel Fe;0, oxide [25]. According to the Fe-Sn
phase diagram, the melting point of FeSn, phase is
approximately 513°C. The water temperature of 300 °C
is supposed to be high enough to result in fast oxidation
of (Fe, Cr)Sn, phase. The existence of SnO, and absence
of Fe,0; oxide serve as evidence for the preferential

oxidation. According to the experimental results, it is
supposed that the preferential oxidation of the (Fe, Cr)
Sn, phase consumes the dissolved oxygen at liquid/oxide
interface and decreases the corrosion potential. Then the
spinel oxide is thermodynamically more stable than
hematite at the decreased dissolved oxygen and corro-
sion potential.

Weight loss of 304 stainless steel

Figure 5 shows the weight loss of the samples with and
without (Fe, Cr)Sn, after exposure to 300 °C water. For the
samples without (Fe, Cr)Sn, adherence, weight variations
cannot be clearly identified even after 500 h of exposure.
However, the samples attached by (Fe, Cr)Sn, exhibit a
remarkable increasing in weight loss upon after 100 h of
exposure.

Figure 6 shows the morphologies of oxide films for
the samples with (Fe, Cr)Sn, adherence after 240 h expo-
sure. The sample surface is dominantly covered with
Sn0, oxides. Pits and micro cracks develop in the oxide
films, as shown in Figure 6(a). The appearance of micro
cracks and pits (Figures 2 and 6) provides the evidence of
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Figure 5: Weight loss of 304 stainless steel after exposure to 300 °C
water.

Figure 6: SEM morphologies and selected high magnification of
oxide film on stainless steel with (Fe, Cr)Sn, adhesion after 240 h
exposure to 300 °C water.
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oxide spallation from the oxide films. A careful observa-
tion of location A in Figure 6(a) shows that the oxides are
composed primarily faceted spinel particles after spalla-
tion (Figure 6(b)). The oxide spallation and pit formation
are observed after 100 h exposure, after which the weight
loss is promoted distinctively. It is therefore assumed that
the increase in weight loss is primarily attributed to the
spallation of surface oxide. The spallation of surface
oxide may be related with the internal stress in the
SnO, layer. Internal stress is usually generated due to
an increase in volume during the oxidation of Sn oxides
[26]. In our previous work [27], the Sn oxide layer
detached from the substrate when Sn-based alloy was
corroded in 45°C water solution. In high temperature
water, the aforementioned observation can be explained
by the fact that the internal stress induced during the
formation of SnO, separates the unconsolidated oxide
layer from the substrate.

Oxide film characterization by electro
chemical measurements

The quality of the oxide films was evaluated by electro-
chemical measurements on the oxidized samples in 3.5 %
NaCl. Figure 7 shows the potentiodynamic polarization
curves of the samples in 3.5% NaCl solution. All the
polarization curves exhibit passive characterization. For
samples without (Fe, Cr)Sn,, formation of oxide film can
improve the corrosion resistance of stainless steel by
decreasing the passive current density. Prolonged

1.0

—— without FeSnz, Oh - - -with FeSnz, Oh
08F —— without FeSnz, 24h - - -with FeSnz, 24 h
0.6 f — without FeSn , 480 h - - - with FeSn,, 480 h
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02 F

E/V(Ag/AgCl)
o
(=]

log(i/(A-cm2))

Figure 7: Potentiodynamic polarization curves in 3.5 % NaCl solution
for stainless steel with and without (Fe, Cr)Sn, after exposure to
300°C water for 24 h, 360 h, and 480 h.
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oxidation imposes no visible effects on the corrosion
potentials and trans-passivation potentials, but further
decreases passive current densities. For the samples
attached by (Fe, Cr)Sn,, the corrosion potential is lower
than that without (Fe, Cr)Sn, adherence and the passive
current density is much higher, indicating a deteriorated
corrosion resistance. After oxidation in high temperature
water, the formation of SnO, oxide film also decreases the
passive current densities. Nevertheless, the passive
current densities of the samples attached by (Fe, Cr)Sn,
are considerably larger than those of the samples without
(Fe, Cr)Sn,. This result suggests that the presence of (Fe,
Cr)Sn, degraded the electrochemical properties of oxide
films after exposure to high temperature water.

Figure 8 shows the EIS of the oxide films on 304 stain-
less steel after 24 h and 480 h of exposure to 300 °C
water, respectively. In the frequency range of measure-
ment, all the impedance spectra were characterized by
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Figure 8: Electrochemical impedance spectra of oxide films in 3.5%
NaCl solution after exposure to 300 °C water for 24 h and 480 h:
(a) Nyquist plot and high magnification at the left part of Nyquist plot
(bottom insert), (b) Bode plot, the solid lines show the fit results.
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the presence of semi-circle arc. The semi-circle arc is
minimum for the samples adhered by (Fe, Cr)Sn, after
24 h exposure, but maximum for the samples without (Fe,
Cr)Sn,. From the Bode plots, frequency dispersion and
two time constants can be identified. To analyze the EIS
spectra of oxide films, a commonly used equivalent cir-
cuit as shown in Figure 9 consisting of two resistance-
capacitance components was used. This circuit is consis-
tent with the need to model the charge transport through
the oxide film and the charge transfer that occurs at
metal/electrolyte interface [28-30]. The constant phase
element (CPE) was used in the proposed model when
considering the frequency dispersion. Such behavior can
be interpreted as a deviation from ideal capacitance,
which is attributed to local 2D and 3D inhomogeneities
in the porosity, mass transport and relaxation effects [31].
In the used equivalent circuit model, Ry is the electrolytic
resistance, and the high frequency branch described in
the circuit by CPE1 and resistance R;, resulting from
interfacial double layer capacitance and interfacial reac-
tion resistance at the oxide/solution interface, respec-
tively. The low-frequency branch described in the circuit
by CPE2 and R, is associated with the capacitance and
resistance of oxide films. As the fitting results were
shown in Figure 8, a good coincidence was found
between the fitting result and actual impedance.

(@) Rs CPE1
VAVA > >
R1 CPE2
R2~ WO
(b)  Rs CPE1
AA >
R1 CPE2
R2

Figure 9: Equivalent circuit model for fitting EIS data.

The values of fitting parameters were shown in Table 3.
The fitting result yielded values for the exponents, ncpg;
of the CPE1 and ncpg, of the CPE2 were close to 0.5 except
the sample without (Fe, Cr)Sn, after 24 h exposure. For
the CPE exponent close to 0.5, the CPE value was related
to the charge transport process through the porous oxide
film [29]. The oxide film formed in oxygen-dissolved high
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Table 3: Fitting parameters of electrochemical impedance spectra tests.

Samples Rs (@-cm?) Ry (Q-cm?) Yee:r  Neper Rz (KQ-cm?) Yepe2z  Ncpe2

(pF-s"'l-cm'z) (pF-s"'l-cm'Z)

Without (Fe,Cr)Sn,, 24 h 25 72 680 0.6 551 87 0.89

Without (Fe,Cr)Sn,, 480 h 13 186 103 0.58 289 76 0.57

With (Fe,Cr)Sn,, 24 h 1 59 313 0.5 6 250 0.65

With (Fe,Cr)Sn,, 480 h 25 37 305 0.5 176 217 0.6

temperature water was comprised of bilayer structure
with outer hematite-rich oxides and inner spinel-rich oxi-
des [5, 25]. The low value of resistance R, and ncpg;
derived from the EIS reveals the high porosity of outer
oxide and low protectiveness of the outer layer at the
oxide/solution interface. The high values for R, and
ncpg, indicate the relative low porosity and high protec-
tiveness of the inner layer near the metal substrate. For
the samples without (Fe, Cr)Sn, after 24 h exposure, the
Nepgo iS close to 1 and the resistance R, is the highest
among all samples. After 480 h exposure, both ncpg, and
R, were decreased. The value for R, of the samples sub-
jected to (Fe, Cr)Sn, adhesion is significantly weakened,
and smaller than that without (Fe, Cr)Sn, even after 480 h
exposure. This result suggests that the quality of oxide
film formed on stainless steel has been deteriorated by
surface (Fe, Cr)Sn, adhesion.

Conclusion

(1) Asindicated by SEM morphologies and SR-GIXRD pat-
terns of stainless steel attached by (Fe, Cr)Sn, after
exposure to 300 °C water, the oxide films are predomi-
nantly composed of faceted spinel particles and SnO,
oxides, which significantly differ from those without
(Fe, Cr)Sn, adherence. Specifically, small faceted hema-
tite and spinel particle oxides were observed on stain-
less steel. The average size of the faceted spinel
particles increases with prolonged exposure.

(2) The weight loss of the samples attached by (Fe, Cr)
Sn, sharply increases after 100 h exposure to high
temperature water, whereas that of the samples
without (Fe, Cr)Sn, adherence is nearly negligible.
The SEM morphology analysis reveals that the exis-
tence of microcracks and the spalling of SnO, may
be attributed to weight loss, as well as to the for-
mation of pits in the oxide films. The electroche-
mical measurements indicate that the oxide films

that form on Fe-Sn intermetallics attached samples
are less protective than those forming on the sam-
ples without (Fe, Cr)Sn,.
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