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Abstract: The effect of dry grinding on 304L stainless steel’s passive behavior is compared to two
other surface finishing (mechanical polishing down to 2400 with SiC emery paper and 1 µm with
diamond paste, respectively). The characterization of the surface state was performed using scanning
electron microscopy, transmission electron microscopy, 3D optical profilometer, and X-ray diffraction.
Results indicate that each surface treatment leads to different surface states. The ground specimens
present an ultrafine grain layer and a strong plastic deformation underneath the surface, while an
ultrafine grain layer characterizes the subsurface of the polished specimens. Grinding induces high
residual compressive stresses and high roughness compared to polishing. The characterization of
the passive films was performed by electrochemical impedance spectroscopy and Mott–Schottky
analysis. The study shows that the semiconductor properties and the thickness of the passive films
are dependent on the surface state of the 304L stainless steel.

Keywords: passive films; stainless steel; surface treatment; SEM; TEM; XRD; EIS; Mott–Schottky
analysis; semiconductive properties

1. Introduction

Stainless steels (SS) are used as structural materials in various applications, such
as nuclear, civil engineering, and building. The main reasons are their relatively high-
temperature resistance, good mechanical properties, and corrosion resistance. The SS corro-
sion resistance is due to the formation of a native passive film on its surface, which has been
the subject of intense research [1–4]. The passive film is composed of two distinct layers:
an inner chromium-enriched oxide layer and an outer iron-enriched oxide/hydroxide
layer [1,2,5,6]. The outer iron-enriched oxide/hydroxide layer acts as a transition zone
between the inner layer and the electrolyte, where electrochemical reactions and ion ex-
changes mainly occur [3,7]. Conversely, chromium oxide acts as a protective barrier against
further oxidation, limiting the material’s dissolution. The properties of the passive film
depend, in part, on the environment [8], the chemical composition of the SS [9], and the
treatments or post-treatments carried out on the surface of the SS.

After casting, forming, machining, or repair, post-treatments of mechanical surface
finish are applied. These processes aim to achieve dimensional requirements, modify the
mechanical surface properties and roughness or eliminate flashes and defects in welded
assemblies. Dry grinding is one of the processes that is used for these purposes. It is known to
induce subsurface modifications characterized by macroscopic defects, including roughness,
abrasion, and scratches [10,11]. Besides, this type of surface treatment leads to local dissipation
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of energy and matter, accompanied by a poorly controlled temperature increase and cooling,
which in part leads to a strong residual compressive stress [12–14]. Moreover, a dynamic
recrystallization is generated by high deformation and local temperature increase, inducing a
nanostructured structure called ultrafine grain layer [13,15,16]. These surface modifications
can affect the local properties of the material and the reactivity of the SS [5]. Consequently,
they can induce harmful alterations to the passive film formed on the SS, affecting their
corrosion and stress corrosion cracking (SCC) resistances [5,15,17,18].

One of the main factors controlling the behavior of a passive film (formation and
degradation) is its electronic properties. Indeed, the SS passive state is governed by
ionic and electronic transports closely related to the structure and properties of the film.
Considering the passive film as a semiconductor, doping elements or point defects are
assumed to be the main cause responsible for the semiconductive behavior but also to
contribute to the electrochemical reactions, as summarized in the point defect model
(PDM) [19–21]. Their migrations are involved in the mechanism of formation, growth,
and steady-state of the passive film. For the evaluation of semiconductor properties, the
Mott–Schottky (MS) approach is often used [1,22,23]. It has been shown that the doping
densities in the passive film are closely related to the surface state of the material and
can provide a relevant indicator of the passive behavior. For example, their density may
depend on surface roughness or residual stresses from mechanical surface treatment [24].
Local modifications of the charge carrier densities or transport through the film may affect
the balance of the steady-state processes inducing the breakdown [19,20,22]. Therefore,
it is essential to understand the electronic properties of passive film before studying the
susceptibility to localized corrosion processes, including pitting and SCC.

The present study evaluated the influence of the microstructure changes induced
by a dry grinding process on passive film properties formed on a 304L SS. Two other
surface states were also studied to discriminate the role of surface modifications due to
dry grinding: one polished down to 2400 SiC, and one polished down to 1 µm diamond
paste. This selection was strategically designed to limit surface changes such as roughness,
scratches, as well as residual compressive stresses and microstructural modifications. Thus,
the comparison of the passive film properties formed on a ground and the two polished
surfaces could clarify the surface modification effects by mechanical treatment on SS’s
passive behavior.

Surface modifications were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) measurement, and 3D
optical profilometer. The properties of the passive films were studied in a non-aggressive
environment using a buffer solution of H3BO3 (0.05 M) and Na2B4O7 10H2O (0.075 M)
(pH = 9.2). The electrochemical and electronic properties of the passive films were mainly
determined by polarization curve measurements and multi-frequency electrochemical
impedance spectroscopy (EIS) to apply the Mott–Schottky approach [21,24].

2. Materials and Methods
2.1. Surface Preparations

A commercial austenitic 304L stainless steel was used in this study. The as-received
plate was degreased and cleaned before the different mechanical surface treatments. Three
groups of samples were prepared from the as-received material to distinguish the role of the
different parameters related to surface modifications after surface finishing. The first series
was designed from a manually ground plate. The grinder surface finish was first prepared
with Green Ace Gold (grain number: #46) and then with the Mac flat disc (grain number:
#60), following the same protocol as our previous work [16]. Each grain of abrasive on the
wheel’s surface cuts a small chip from the workpiece via shear deformation. During the
grinding process, the original workpiece was dissociated into the machined surface and
the chips. The second and third sets of samples were the polished samples obtained from
the as-received plate. One series was polished with emery papers down to 2400 with SiC
(320 SiC, 600 SiC, 1200 SiC, 2400 SiC) while the second series was polished with several
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emery papers and then with diamond paste down to 1 µm (320 SiC, 600 SiC, 1200 SiC,
2400 SiC, 3 µm with diamond paste, 1 µm with diamond paste). As all the preparations
were done manually, it remains difficult to entirely control the affected material’s thickness
for the grinder surface finish and the mechanical polishing process. Consequently, the
microgeometry and topography of the machined surface have to be carefully characterized.
Microstructure modifications of the underneath material also have to be clearly defined.

2.2. Surfaces and Subsurface Analysis

As the surface and subsurface were affected by the consequences of thermomechanical
effects due to the preparation’s friction, several approaches were chosen to characterize
the affected zone. Surface roughness was measured using the MICROMAP 3D optical
profilometer. The root means square (RMS) parameter was selected as a relevant parameter.
This descriptor was preferred to Ra because of its higher sensitivity to the microscopic
surface texture. The surface and subsurface of the samples were characterized by SEM
(SU-70, Hitachi, Tokyo, Japan). TEM (HF2000, Hitachi) observations were carried after
FIB cross-section to characterize the microstructural modifications underneath the surface.
Residual stresses generated by the surface preparation were evaluated by XRD with
the cosα− method (µ-X360s, Pulstec Company, Hamamatsu, Japan). This method is an
alternative to the classical sin2Ψ method. Note that Matsuda et al. [25] showed that the
differences in the two methods were tiny. A Cu X-ray source was selected to access the
lattice deformation of the austenite plans (311). The X-ray spot had a diameter of 2 mm,
while the average penetration depth of the X-ray beam was estimated to about 10 µm.

2.3. Characterization of the Passive Film Properties

After preparation, the surfaces were rinsed in distilled water, ultrasonically cleaned in
ethanol, and dried with pulsed air. Specimens were directly immersed in a H3BO3 (0.05 M)
and Na2B4O7 10H2O (0.075 M) buffer solution (pH = 9.2) for 24 h. This buffer solution
has been chosen to stabilize the oxi-hydroxide nature of the passive film and minimize
the solubility of the Cr-oxide. Moreover, it is close to the composition of the primary
circuit corresponding to the nuclear environment which are considered in our global study.
Electrochemical measurements were performed in a three-electrode cell set-up connected
to a potentiostat (SP-300, Biologic), with a large carbon rod as a counter electrode and a
mercury/mercurous sulfate electrode (EMSE = 0.65 V vs. SHE) as a reference electrode. The
working electrode was the 304L SS with an exposed surface of 0.57 cm2 in contact with the
electrolyte. Before carrying out the electrochemical measurements, samples were exposed
to the solution for 24 h, and the open circuit potential was monitored. Then, two different
tests were selectively performed:

• Polarization curve attended to characterize the surface’s electrochemical behavior
(film formation, passivation ability) in the potential range between −0.8 V to 1.2 V vs.
MSE. The scan rate was fixed to 0.5 mV·s−1.

Multifrequency electrochemical impedance spectroscopy (EIS) has been carried out to
apply the Mott–Schottky (MS) approach and determine the passive film’s semiconductive
behavior. The EIS diagrams were recorded by scanning the potential from −1.40 V to
0.00 V vs. MSE using a potential step of 50 mV in the anodic direction. This step was
used to avoid changes in the passive film [26]. An EIS diagram was recorded for each
potential in a frequency range from 100 kHz to 100 mHz, with 9 points per decade and
a sine wave amplitude of 15 mV. A wide range of potentials was used in this study to
highlight the passive film’s overall behavior. However, this potential range fulfills the
requirements of MS approach (passive domain or low current density). Note that the MS
multi-frequency methodology was used to avoid the frequency dependence of the results.
Detailed descriptions of this approach’s procedure and advantages are given in Marcelin
et al. [21].
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Semiconductive Properties Determination

MS analysis was based on the relationship between the doping densities (NA or ND)
and the space charge capacitance (Csc) as a function of the applied potential and the type of
semiconductive behavior Equations (1) and (2) [27,28]. For a thin layer, the capacitance of
the film is associated with the space-charge layer.

1
C2 ≈

1
C2

SC
=

2
eεε0ND

(
E− E f b −

kBT
e

)
(n-type) (1)

1
C2 ≈

1
C2

SC
= − 2

eεε0NA

(
E− E f b −

kBT
e

)
(p-type) (2)

where e is the absolute value of the electron charge, ε is the relative dielectric constant of
the oxide (ε = 12 is commonly used for iron or chromium oxides [28–30]), ε0 is the vacuum
permittivity (8.85 × 10−14 F·cm2), and NA et ND are the acceptors and donors doping
densities, kB is the Boltzmann constant, T is the absolute temperature, and E f b is the flat
band potential.

According to Equations (1) and (2), the doping densities Nq (NA or ND) can be deter-
mined from the slope of experimental plots 1/C2 versus E, which must be linear, with a
positive slope for n-type semiconductor and a negative slope for p-type semiconductor.
The acceptor NA or the donor ND doping densities in the oxide film are quantified by
Equation (3).

Nq =
2

εε0ea
(3)

where a is the slope of the straight line in the Mott–Schottky plots.
In the case of passive material, the high-frequency capacitive behavior is related to

the passive film that acts as a dielectric layer. Nevertheless, the capacitance of the passive
film is not directly assessable. To extract the capacitance value, a transformation of the
impedance spectrum by complex capacitance corrected from the electrolyte resistance,
Relelctrolyte representation is useful [31,32] Equation (4).

C(ω) =
1

iw
[

Z(ω)− Relelctrolyte

] (4)

where Z(ω) is the global impedance of the interface, and ω is the angular frequency.
It has recently been shown that the extrapolation of the complex-capacitance diagram

at infinite frequency was a reliable way to determine the film’s capacitance and the corre-
sponding thickness [32,33]. Using the complex-capacitance representation, it was possible
to determine the passive film capacitance. Besides, the thickness of the passive film was
determined via Equation (5).

δ =
ε0ε

C
(5)

where δ is the thickness of the passive film.

3. Results
3.1. Surface State Characterizations
3.1.1. Top Surface Characterizations

SEM observations of the top surface after surface preparation are shown in Figure 1. The
ground surface appears more damaged Figure 1a than the two polished surfaces Figure 1b,c.
The ground surface Figure 1a shows severe material detachments in the parallel direction
to the grinding process. Material removal leads to crack-like valleys and ridges that provide
a significant surface roughness of 1300 nm Table 1. Chip generation involves the presence of
deep scratches. These observations suggest that abrasive and cutting wear occurred during the
grinding process. The surface polished down to 2400 SiC, shows fewer deep scratches and less
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abrasion than the ground surface, but on the contrary, the surface is almost flat. The surface
polished down to 1 µm with diamond paste is the smoothest and Figure 1c shows no scratches
and no abrasion in contrast to the other two surfaces Figure 1a,b. For polished specimens
down to 2400 with SiC and down to 1 µm with diamond paste, the roughness values are
12 nm and 16 nm Table 1, respectively. According to the estimated deviation, these values
are considered almost identical for both specimens.
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Figure 1. SEM observations of 304L SS after, (a) grinding process, (b) polished samples down to 2400
with SiC, (c) polished samples down to 1 µm with diamond paste.

3.1.2. Microstructural Subsurface Modifications

As a result of the thermomechanical surface history, which combines surface stress and
local increase of temperature due to friction, a modification of the subsurface microstructure
can be observed, as shown in Figure 2. Focused ion beam (FIB) coupled to TEM has been
used to characterize the microstructure modifications as performed in a previous study [16].
FIB cross-sections observed by TEM reveal a bi-layer structuration of the underneath
material. Whatever the surface preparation, an ultrafine-grained layer is detected into the
metal at the vicinity of the top surface [34]. This layer is characteristic of a severe plastic
deformation associated with dynamic recrystallization. For all the specimens, the TEM
electron diffraction patterns in the ultrafine-grained region suggest a crystalline structure
with a significant crystallographic anisotropy due to plastic deformation. For the ground
specimens Figure 2a, the thickness of the ultrafine-grained layer is not homogeneous
presenting variation from 160 nm to 250 nm Table 1. Below the ultrafine-grained layer, a
work-hardened zone and a plastic flow zone are identified through the diffraction pattern.
Those zones are not observed for the two other surface preparations suggesting that the
affected zone by the surface treatments is deeper with the grinding process than the
two other surface states. Polishing with an abrasive paper made of SiC generates more
stresses in the material than polishing with cloths and using diamond paste. Therefore,
the thickness of the ultrafine grain layer is slightly higher for polishing down to 2400 with
SiC Figure 2b than for polishing down to 1 µm with diamond paste. Figure 2c. In fact, the
successive polishing steps down to 1 µm allow the removal of part of the ultrathin layer
generated by the previous preparation steps with a limited damage process.
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Figure 2. TEM observations of 304L cross-section, after, (a) grinding process, (b) polished samples
down to 2400 with SiC, (c) polished samples down to 1 µm with diamond paste, in window capture
present electron diffraction patterns as a function of the surface depth.

3.1.3. Residual Stresses Generated through Mechanical Surface Modification

The residual stress values measured using XRD are reported in Table 1. The residual
compressive stress is equal to −432 MPa for the ground sample, and it is lower for the
polished sample down to 2400 SiC with a value of −200 MPa, which is itself lower than
for the polished sample down to 1 µm, with a value of −110 MPa. It should be mentioned
that these values are of the same order of magnitude as those found by V. Vignal et al. [35].
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These values represent the average stresses in the volume affected by the incident X-ray
beam. As the X-ray beam’s mean penetration depth was estimated larger than the work-
hardened layer, a stress gradient is expected with high compressive stresses at the top
surface and decreasing into the material. The microstructure modifications previously
characterized coincide with different stress levels in the subsurface layer. Dry grinding
generates a large plastic deformation and a thick affected zone where compressive stresses
reach −432 MPa.

Table 1. Microstructural characterization of the effect of mechanical surface treatment on the top surface and subsurface of
304L SS. RMS values are reported for the roughness characterization. Thickness of the ultrafine-grained layer determined
by TEM and residual stresses measured by XRD are reported.

Specimens RMS (nm) Thickness of the Ultrafine-Grained Layer (nm) Residual Stresses (MPa)

Grinding 1300 ± 200 150–280 −432 ± 17
(Rolling direction)

2400 SiC 12 ± 2 250 −231 ± 49
1 µm 16 ± 4 150 −110 ± 84

3.2. Corrosion Behavior in Borate Buffer Solution
3.2.1. Electrochemical Characterizations in Borate Buffer Solution

During the 24 h of immersion, the OCP of the three surfaces finishing tested increases
in consistency with the passive layer formation. After 24 h of immersion, OCP reached
stable values of −0.61 V vs. MSE and −0.58 V vs. MSE for 1 µm and 2400 SiC polished
surface, respectively. The OCP for the ground surfaces is slightly higher than both polished
surfaces, with a value at −0.51 V vs. MSE. Potentiodynamic curves recorded after 24 h
of immersion in borate buffer solution are plotted in Figure 3. Their shapes are similar
regardless of the materials and are consistent with a stable passive film formed during
24 h. Before reaching the conventional plateau of passivity, the current density increases
slightly from OCP, indicating that oxygen reduction contributes to the total current density
measured in this potential range. The passive plateau is reached at 0 V vs. MSE for the
surface polished down to 1 µm, with an average current density of 0.15 mA·cm−2. For the
polished surface down to 2400 SiC, the passive plateau is reached at −0.9 V vs. MSE, with
an average current density of 0.12 mA·cm−2. The passive plateau is achieved at 0.25 V
vs. MSE, with an average current density of 0.03 mA·cm−2 for the ground specimen. The
passive plateau length is 0.60 V, 0.50 V, and 0.25 V for polished sample down to 1 µm, down
to 2400 SiC and ground sample, respectively. At 0.50 V vs. MSE, an abrupt increase of
current density indicates that transpassivation of the passive film and oxygen evolution
reaction occur. Thus, the passive film is dissolving, and the material’s surface is no longer
protected [36]. For SS, the transpassivation is associated with the oxidation of Cr3+ of
chromium oxide Cr2O3 into Cr6+.



Metals 2021, 11, 135 8 of 14Metals 2021, 11, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 3. Polarization curve of 304L SS immersed for 24 h in the buffer solution, for grinding pro-
cess, polished samples down to 2400 with SiC, and 1 µm with diamond paste. 

3.2.2. Mott–Schottky Analysis 
In the present work, the assumption that the space charge capacitance is much 

smaller than the Helmholtz capacitance was made to relate the capacitance measured by 
EIS to the passive film capacitance. According to the PDM [20], the semiconductive prop-
erties assessment is essential to understand the passive state. Indeed, the physico-chemi-
cal properties of the passive film are dominated by point defects distribution and motion, 
which are responsible for passive film steady state. 

The passive film’s semiconductive properties are determined by the Mott–Schottky 
curve, 1/C2 as a function of E in Figure 4. Whatever the samples, a negative slope is ob-
served below −0.76 V vs. MSE. This trend is associated with a p-type semiconducting be-
havior [27,37,38]. Above 0.76 V vs. MSE, a positive slope is observed for an n-type semi-
conducting behavior [38]. Coupling MS analysis and X-ray photoelectron spectroscopy 
(XPS) on an oxide film on SS, Ferreira et al. [1] found that Cr is close to the oxide/metal 
interface, Fe is close to the electrolyte/oxide interface, and that Chromium oxide is at-
tributed to the low potential capacitive response, while iron oxide is associated with a 
higher potential [27]. Thus, the capacitive response, for potentials lower than −0.76 V vs. 
MSE, is associated with chromium oxide [1,39], more precisely Cr2O3, where Cr3+ cations 
vacancies (𝑉 ) are the dominant acceptor species in the inner layer [36,38]. On the other 
hand, the capacitive response, for potential higher than −0.76 V vs. MSE and up to −0.05 
V vs. MSE, is attributed to iron oxide and hydroxide [40], where the oxygen vacancies 
(𝑉⦁⦁) [38] or iron cations (Fe2+) are the dominant donor species in the outer layer. Accord-
ing to Kloppers et al. [41], oxygen vacancies are generally the dominant species in Fe and 
Fe-Cr alloys. Measurements were not performed for higher potentials since the passive 
film dissolution occurred by transpassive process [42]. 
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3.2.2. Mott–Schottky Analysis

In the present work, the assumption that the space charge capacitance is much smaller
than the Helmholtz capacitance was made to relate the capacitance measured by EIS to
the passive film capacitance. According to the PDM [20], the semiconductive properties
assessment is essential to understand the passive state. Indeed, the physico-chemical
properties of the passive film are dominated by point defects distribution and motion,
which are responsible for passive film steady state.

The passive film’s semiconductive properties are determined by the Mott–Schottky
curve, 1/C2 as a function of E in Figure 4. Whatever the samples, a negative slope is
observed below −0.76 V vs. MSE. This trend is associated with a p-type semiconducting
behavior [27,37,38]. Above 0.76 V vs. MSE, a positive slope is observed for an n-type semi-
conducting behavior [38]. Coupling MS analysis and X-ray photoelectron spectroscopy
(XPS) on an oxide film on SS, Ferreira et al. [1] found that Cr is close to the oxide/metal
interface, Fe is close to the electrolyte/oxide interface, and that Chromium oxide is at-
tributed to the low potential capacitive response, while iron oxide is associated with a
higher potential [27]. Thus, the capacitive response, for potentials lower than −0.76 V
vs. MSE, is associated with chromium oxide [1,39], more precisely Cr2O3, where Cr3+

cations vacancies (V ′′′Cr) are the dominant acceptor species in the inner layer [36,38]. On
the other hand, the capacitive response, for potential higher than −0.76 V vs. MSE and
up to −0.05 V vs. MSE, is attributed to iron oxide and hydroxide [40], where the oxygen
vacancies (VO) [38] or iron cations (Fe2+) are the dominant donor species in the outer layer.
According to Kloppers et al. [41], oxygen vacancies are generally the dominant species in
Fe and Fe-Cr alloys. Measurements were not performed for higher potentials since the
passive film dissolution occurred by transpassive process [42].
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Passive film capacitance is lower for the surface polished down to 1 µm than for the
polished one down to 2400 SiC, and these two samples have lower capacitance than ground
samples. Since the thickness is inversely proportional to the capacitance Equation (2), the
passive film has a higher thickness for polished samples than for ground samples. Table 2
shows an oxide film thickness of approximately 3–3.5 nm for the 1 µm polished sample,
2.6–2.9 nm for the 2400 SiC polished sample, and 1.4–1.6 nm for the ground sample. These
values determined by impedance analysis are in good agreement with those reported by
Chakri et al. [31] and Bensalah et al. [7].

Table 2. Acceptor (NA) and donor (ND) densities for 304L SS in borate buffer (pH = 9.2) measured
for grinding process, polished samples down to 2400 with SiC and 1 µm with diamond paste

Specimens Grinding 2400 SiC 1 µm

NA × 1020 cm−3 8.0 4.4 2.2
ND × 1020 cm−3 6.0 3.9 3.8
Thickness δ (nm) 1.4~1.6 2.6~2.9 3~3.5

The values of the doping densities are reported in Table 2. The density of the NA
acceptors is lower for the polished surface down to 1 µm than for the other two surface
preparations with a value of 2.2 × 1020 cm−3. The density of the acceptors NA is higher for
the ground surface with a value of 8.0 × 1020 cm−3. For the ND donor density, the polished
surface down to 1 µm and 2400 SiC have approximately the same value 3.8 × 1020 cm−3,
3.9 × 1020 cm−3, respectively. In contrast, the grinding surface is characterized by a higher
value, 6.0 × 1020 cm−3. For all samples, the density is about 1020 cm-3, which is in excellent
agreement with the data in the literature [2,4,7,27].

4. Discussions

Depending on the surface finishing process, the sub-surface material is affected dif-
ferently. The mechanical surface modification has an impact on the surface state of the
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material. It generates roughness, scratches, and a recrystallization process, forming an
ultrafine grain layer and residual compressive stresses.

Schematic representations of the cross-section of samples after mechanical surface
treatment are shown in Figure 5. The parameters discussed in the previous section are
detailed on these diagrams, offering an inventory of what happens after the mechanical
surface treatments. For the ground surface Figure 5a, it generates an ultra-fine grain
layer followed by a plastic deformation zone, high residual compressive stresses, whereas
polishing down to 2400 SiC Figure 5b and down to 1 µm Figure 5c generates only an
ultra-fine grain layer and lower residual compressive stresses. Grinding also results in very
high surface roughness, unlike the two polished specimens, which have a minor roughness
in comparison. The ground surface exhibits deep scratches, which are not as deep as for
the 2400 SiC polished surface and not present for the polished surface down to 1 µm. Since
a passive film grows on all the surfaces, each previous element can affect all the elementary
processes associated with corrosion, i.e., charge transfer, adsorption, film growth, and
film stability. Indeed, these modifications have an impact on the existence of the passive
state and current densities. Generally, the shift to nobler value of the corrosion potential
and smaller passive plateau characterize the ability of the material to become passive [43].
For the ground sample, the surface is more reactive than the polished surfaces due to
its disordered surface. Consequently, the polarization curves are noisy when cathodic
reactions still occur and the passive plateau exhibits a wavy shape, proving that even at
the passive state, some sites are still reactive.
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Figure 5. Schematics of surface modifications after mechanical surface treatment on 304L specimens,
(a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples down to 1 µm
with diamond paste.

However, the surface state does not significantly affect the passive films chemical com-
position grown in borate buffer solution and their semiconductive type. Indeed, XPS analy-
sis performed on the three materials after 24 h of immersion (results not shown here) reports
a similar chemical composition whatever the surface preparation. The Cr(oxide)/(Cr(oxide)
+ Fe(oxide)) ratio is equal to 0.28 ± 0.04, 0.19 ± 0.02 and 0.34 ± 0.08, for the polished sur-
face down to 1 µm, down to 2400 SiC and for ground surface, respectively. Furthermore,
the passive film behaves as a p-type semiconductor for a low potential and as an n-type
semiconductor for a higher potential for all three surface conditions. However, the amount
of ND donors and NA acceptors, the capacitance, and thickness are dependent on the
material’s surface state.

Figure 6 presents a schematic representation of the samples’ metallurgical state after
immersion for 24 h in the borate buffer solution at room temperature. The passive film
formed on the ground surface is reported in Figure 6a. It is characterized by very high
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doping densities, NA and ND, and thin film thickness (see Table 2). It is formed on a rough
surface with high compressive residual stresses (−σr), and the subsurface contains an ultra-
fine grain layer followed by a plastically deformed zone. Coelho et al. [24] have also shown
that both roughness and compressive residual stresses increase point defects densities in
the passive film. Injection of point defects is probably promoted by the mechanical strain
resulting from the stresses (dislocations) or the edge effect due to roughness. In this work,
the passive film formed on the polished surface down to 2400 SiC is reported in Figure 6b.
The passive film is thicker, with lower doping densities than the ground surface Figure 6a,
while the surface has lower compressive residual stress and almost no roughness. The
passive film formed on the polished surface down to 1 µm is shown in Figure 6c. It is
the thickest with the lowest doping density than the two other surfaces Figure 6a,b. The
surface on which it formed has almost no roughness and less compressive residual stress
than the two previous surfaces.
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Figure 6. Diagram of passive film formed on surfaces after mechanical surface treatment on 304L
specimens, (a) grinding process, (b) polished samples down to 2400 with SiC, (c) polished samples
down to 1 µm with diamond paste.

Thus, the rougher, more damaged, plastically deformed, stressed, and abraded the
surface is, the higher the doping densities and the thinner the passive film will be. The high
surface reactivity promotes the injection of point defect inside the passive film during the
formation and growth process and limits the passive film’s thickness. A large amount of
these defects leads to an enhancement of the reactivity of the surface. The less disordered
the surface, the more stable the passive film will be. Therefore, donors and acceptors’
densities will be lower. Finally, as observed by Azumi et al. [44] the film thickness is higher
than for a disordered surface (ground) because the layers tend to become more stable.

To confirm the above statement on passive film stability and reactivity, pitting tests
were carried out in chloride solution (2.5 M NaCl solution, pH = 6.5) after passivated
samples in similar borate buffer solution conditions.

Figure 7 presents representative results obtained by cyclic polarization measurement
for the three surface conditionings. For the ground surface, the anodic current density
is about 0.1 mA·cm−2, meaning that the material loses its passive behavior. In contrast,
the polished surfaces maintain their passive character with currents in the passive range
of about 1 ×10−2 mA·cm−2. Moreover, the pitting potential is slightly different between
polished samples, confirming correlation between the doping densities (NA, ND) in the
passive film and the pitting corrosion sensitivity. Higher the defect densities are, lower the
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pitting corrosion resistance is. The preliminary results shown here corroborate well that
the ground sample is less resistant to corrosion than polished surfaces. Indeed, the ground
surface has the most residual stresses, a rougher surface, and its passive film contains the
highest doping density. Therefore, the residual compressive stress, surface roughness, and
doping density in the passive film play an essential role in passive film resistance.
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Figure 7. Cyclic potentiodynamic polarization (CPP) curve 304L immersed 24 h in the buffer solution
follow by immersion in 2.5 NaCl for grinding process, polished samples down to 2400 with SiC and
1 µm with diamond paste.

5. Conclusions

In this work, the influence of mechanical surface treatment on 304L stainless steel’s
reactivity has been studied. Depending on the type of mechanical surface treatment, the
subsurface material was affected differently. The ground specimen undergoes microstruc-
ture modifications such as an ultrafine grain layer followed by a plastic deformation zone
and a hardened layer. The highest surface roughness and residual compressive stresses
were determined for this surface condition. For polished samples, there is an ultrafine-
grained layer but no plastic deformation. If the overall passive behavior in borate buffer
solution is similar for all the samples, the present study reveals that the number of doping
species, the capacitance value, and the thickness of the passive film are influenced by the
roughness, the defects on the surface, and also by the residual compressive stresses. Conse-
quently, the passive film formed on the more disordered and reactive surface is the thinnest
and the less stable. Then, dry grinding affects detrimentally the passive behavior and the
corrosion resistance of 304L SS. The study performed with chloride containing solution
corroborates this conclusion by evidencing an enhanced reactivity when the sample is
immersed in a chloride environment. The corrosion resistance is significantly affected by
the surface finishing.

This work is a part of an ongoing project on the influence of surface finishing treat-
ments on the corrosion behavior of SS for nuclear applications. Experiments in simulated
primary water of nuclear power plants are still in progress.
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