metals

Article

Ultrafine Grain 316L Stainless Steel Manufactured by Ball
Milling and Spark Plasma Sintering: Consequences on the
Corrosion Resistance in Chloride Media

Eric Hug L+, Clément Keller 2, Cendrine Folton 1, Jade Papin 1 Kostiantyn Tabalaiev 3 and Gaél Marnier

check for
updates

Citation: Hug, E.; Keller, C.; Folton,
C.; Papin, J.; Tabalaiev, K.; Marnier, G.
Ultrafine Grain 316L Stainless Steel
Manufactured by Ball Milling and
Spark Plasma Sintering:
Consequences on the Corrosion
Resistance in Chloride Media. Metals
2024, 14, 864. https://doi.org/
10.3390/met14080864

Academic Editor: Antonio Mateo

Received: 24 June 2024
Revised: 23 July 2024

Accepted: 25 July 2024
Published: 27 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

4

Laboratoire de Cristallographie et Sciences des Matériaux, University of Caen Normandie, Normandie
Université, CNRS, 6 Bd Maréchal Juin, 14000 Caen, France

Laboratoire Génie de Production, Université de Technologie de Tarbes Occitanie Pyrénées, Avenue d’Azereix,
65000 Tarbes, France

3 CRMC, Industeel, 56 rue Clémenceau, 71202 Le Creusot, France

4 ENSICAEN, 6 Bd Maréchal Juin, 14050 Caen, France

*  Correspondence: erichug@ensicaen.fr

Abstract: This paper reports experimental results concerning the corrosion of 316L austenitic stainless
steels produced by ball milling and spark plasma sintering in NaCl electrolyte. Specimens with grain
sizes ranging from 0.3 um to 3 um, without crystallographic texture, were obtained and compared
with a cast that is 110 um in grain size and an annealed reference. The potentiodynamic experiments
showed that the reduction in grain size leads to a degradation of the electrochemical passivation
behavior. This detrimental effect can be overcome by appropriate passivation in a HNOj3 concentrated
solution before consolidation. The Mott-Schottky measurements showed that the semiconducting
properties of the passive layer do not vary significantly on the grain size, especially the donor density,
which is responsible for the chemical passivation breakdown by chloride anions. The total electrical
resistance of the layer, measured by impedance spectroscopy is always lower than the one of a cast
and annealed 316L, but it slightly increases with a reduction in grain size in the ultrafine grain range.
This is followed by a slight increase in the thickness of the oxide layer. The effect of chloride ions is
very pronounced in terms of passivation breakdown if the powder is not passivated prior to sintering.
This leads to the nucleation and growth of subsurface main pits and the formation of secondary
satellite pits, especially for the smallest grain sizes. Passivation of the 316L powder before sintering
has been found to be an effective way to prevent this phenomenon.

Keywords: corrosion; passivity; pitting; grain size; 316L; SPS; ball milling

1. Introduction

Stainless steels are very well-known alloys in which a certain amount of chromium
(more than 11% in weight) is added to ordinary steels to improve corrosion resistance.
Adding chromium to traditional steels also improves other properties, such as mechanical
properties or surface characteristics, making them suitable for a wide range of applications.
Within the family of stainless steels, AISI 316L exhibits attractive mechanical properties,
as well as good formability and weldability, making it a good candidate for industrial
applications in aggressive environments (nuclear [1], biomedical [2], marine [3], and petro-
chemical [4]). An austenitic structure generally ensures good corrosion resistance and helps
us avoid microscopic galvanic corrosion products between residual martensite and austen-
ite [5]. However, this austenitic microstructure, without strengthening components such as
residual martensite, leads to suboptimal mechanical properties, which can be detrimental
for some applications [6].

Reducing the grain size of fully austenitic 316L is one strategy for increasing the yield
stress, but this is often accompanied by a decrease in ductility [7,8] due to the use of severe
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plastic deformation processes [9]. An alternative is to produce these alloys by powder
metallurgy [10]. In this case, the materials are consolidated by solid-state sintering at a
low temperature and pressure. However, mechanical and corrosion properties can be
limited by the inherent porosity when compared to their wrought and cast counterparts.
By using higher sintering temperatures [11] and controlling the sintering atmosphere [12],
it has been found that the density of the material can be increased, resulting in improved
properties. Manipulating the powder morphology and using flash-sintering techniques
such as Spark Plasma Sintering (SPS) [13] are also efficient ways to control the porosity
and to adjust the final properties of structural parts. This can be achieved by mechanical
milling of the powder prior to consolidation [14]. The elaboration of Ultra-Fine Grain
(UFG) specimens [15] with an average grain size from 0.1 um to 1 pm, typically, can also be
obtained in this way. The relative densities of alloys obtained by ball milling and SPS are
typically between 90% and 99% [16,17], higher than those of conventional sintered parts.
The difference in density is mainly due to the presence of porosity but also oxides resulting
from the oxygen contamination during powder milling [18].

In previous works [19,20], it was shown by the authors that the mechanical properties
of 316L stainless steel can be tuned in terms of strength and ductility by powder metallurgy,
using ball milling and SPS. High-density fully austenitic and UFG samples can be produced
by this method, with densities in the range of 93-99.6%. A higher yield stress was obtained
compared to a traditional cast and annealed alloy, combined with a remarkable ductility,
especially when bimodal powders were used [21,22]. In addition, SPS samples with a mi-
crometric grain size exhibit an equivalent corrosion resistance in NaCl electrolyte compared
to the traditional alloy [20]. The low density of porosity prevented the development of
pitting mechanisms, as reported for conventionally sintered stainless steels [23].

Moreover, in a recent work [24], an improvement in the electrochemical passivity for
the smallest grain sizes in neutral nonaggressive Nay;SOj electrolyte was characterized. In
particular, the effect of pre-passivation of the ball-milled powder prior to sintering was
clearly demonstrated. In order to provide a clear overview of the corrosion resistance of
the promising UFG 316L manufactured by SPS, this paper is dedicated to the influence
of a chloride environment, which is known to deeply affect the integrity of this material.
Potentiodynamic experiments in NaCl electrolytes were carried out to analyze the overall
corrosion behavior. The physical characteristics of the passive layer were studied using an
impedance spectroscopy analysis. The effect of grain size and grain-boundary nature on
the stability of the passive layer in chloride media is discussed in this paper, supported by
microstructural observations of the pitted surfaces after the potentiodynamic experiments.

2. Experimental Details
2.1. Sintering Elaboration and Microstructure Observations

316L stainless steel samples were elaborated by spark plasma sintering using a precur-
sor commercial atomized powder. The methodology and main experimental parameters
are displayed in Figure 1. The first series was sintered by SPS (FCT System GmbH, HD25
SPS apparatus, Effelder-Rauenstein, Germany), using the as-received commercial powder
(CP samples). Based on our previous investigations, optimal sintering conditions (pressure,
temperature, and dwell time) were employed [20], leading to relative densities higher than
99%, and an average grain size of 2-3 um.

Ball milling (Fritsh planetary pulverisette 7, Idar-Oberstein, Germany) of the as-
received powder was carried out before sintering to decrease the final grain size, following
a methodology previously optimized [19]. Using this previous work, a second series were
built (A1, A2, and A3), with grain size ranging from 0.4 um to 1 um and a relative density
of about 95%.

A third series of samples, called B1, B2, and B3, were considered in this work, con-
sisting of immerging and then ball-milled powder in a HNOj3 acid solution before SPS
consolidation [25]. Finally, a cast and annealed (CA) alloy, 110 pm in grain size, was also
used for comparison.
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Figure 1. Flow diagram of the elaboration methodology, experimental details concerning ball milling
(rs, rotation speed; pca, process control agent; and t, milling time) and SPS (P, pressure; T, temperature;
and t, dwell time), and corresponding 316L samples.

Densities were obtained by a traditional Archimedes method, and the microstruc-
ture was studied by Electron Back-Scattered Diffraction (EBSD) and Scanning Electron
Microscopy (SEM). The EBSD acquisition system used was a QUANTAX EBSD (Bruker,
Berlin, Germany) mounted on a Zeiss Supra 55 (Jena, Germany). Observations of the
corroded surfaces after electrochemical experiments were performed by light microscopy
and laser confocal microscopy. Pitting observations were performed after potentiodynamic
polarization experiments, which were stopped at a current density of 10~! mA/cm? in the
anodic region.

2.2. Electrochemical Experiments

Potentiodynamic polarization, J(E), curves (J, current density; and E, potential) were
obtained using a three-electrode electrochemical cell and a potentiostat workstation (SP-
300 Biologic, Grenoble, France). The potential reference electrode was a Ag/AgCl one,
saturated with AgCl-KCl electrolyte. A platinum grid was employed as a counter electrode.
Five experiments were performed for each condition to confirm the good repeatability of
the results. The tests were carried out in aerated NaCl 0.85 M (3 wt.%) at room temperature.
Prior to all experiments, the working electrode surface was mechanically polished, and
then a cathodic reduction was applied to reduce surface oxides. Samples were immerged
in NaCl in open-circuit conditions for 1 h, and then a potentiodynamic test was performed
with a voltage rate of 0.22 mV /s.

Electrochemical Impedance Spectroscopy (EIS) and Mott-Schottky (MS) were per-
formed in open-circuit conditions to obtain information on the electrical and semiconduct-
ing properties of the passive layer. For EIS, 10 mV in potential amplitude was imposed,
with the frequency decreasing from 10 kHz up to 1 mHz. Capacitance experiments were
conducted to obtain MS graphs. They were carried out at 1 kHz and 10 mV in potential
amplitude, from open-circuit potential to —1 V/Ag-AgCl. As for the potentiodynamic tests,
five experiments were carried out for each configuration.

3. Results and Discussion
3.1. Brief Microstructural Overview of the Samples

Details concerning microstructural features of the samples manufactured by ball
milling and SPS are given in previous publications [19,20,22,24], and are only briefly
reviewed here. Typical microstructures analyzed by EBSD are displayed in Figure 2,
whereas Table 1 summarizes a few microstructural characteristics of the alloys.
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Figure 2. Grain orientation maps and associated pole figures for the 316L samples: (a) CA, (b) CP, (c) A3/B3, (d) A2/B2, and (e) A1/B1. Pre-passivated (B) and not
passivated (A) samples exhibit the same microstructural features.



Metals 2024, 14, 864

50f 16

Table 1. Some microstructural and mechanical characteristics of 316L specimens (following data
coming from [19,20,22,24]). d is the average grain diameter, p the relative density, LAGB is the
low-angle grain boundary amount, HAGB is the high-angle grain boundary amount, X3 is the twin
amount, and MPD is the Maximal Pole Density of the crystallographic textures.

Sample Code £ (u‘fn) (f/j) Lﬁ/oG)B HAGB (%) (11:4/[1[;3)
CA 100 110+20 34.6 28.9 711 3.35
CcpP 996  27+18 28.7 232 76.8 3.13
Al Bl 953  033+009 191 132 86.8 133
A2, B2 951  067+007 284 188 81.2 228
A3, B3 947  088+008 297 102 89.8 2.8

The combination of ball milling and SPS is an efficient way to reduce the grain size
of 316L without residual stresses [20]. The main difference between the samples is the
final grain size, which is distributed over three orders of magnitude, in the range [100 nm-—
100 um] (Figure 3). B specimens exhibit the same density and the same grain sizes and
LAGB/HAGB ratio as A samples.

The average density is higher than 95%, and no crystallographic texture is depicted,
independently on the manufacturing conditions (maximum pole density always less than
5 MRD and no preferential orientations emerging on the pole figures). The slightly reduced
density of specimens manufactured by ball milling is mainly due to the oxides and porosi-
ties present in a few of the sintered samples. The maximum oxide fraction is found to be
around 10% [19]. The quantities of the low-angle grain boundary (LAGB) and X3 twin
boundary fluctuate around 20%, without specific tendency. Finally, a fully austenitic phase
is always present, without any presence of martensite (confirmed by XRD analysis, but not
given in this publication for the sake of brevity).

151

—_
(=1
Il

Relative quantity (%)

0.1 1 10 100
Grain size (um)

Figure 3. Grain size distributions corresponding to 316L samples shown in Figure 2.
3.2. Corrosion Behavior

Figure 4 shows examples of J(E) curves obtained for samples with different grain sizes.
The impact of the passivation of the ball-milled powder before consolidation is clearly
evidenced. Corrosion parameters extracted from J(E) curves are compiled in Table 2.
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Figure 4. (a) Potentiodynamic curves of CA and CP 316L. Impact of ball milling and passivation of
the powder for three final grain sizes: (b) d =1 um (A3 and B3 samples), (c) d = 0.8 um (A2 and B2
samples), and (d) d = 0.4 um (A1 and B1 samples).

Table 2. Mean values of corrosion parameters from J(E) experiments performed on 316L samples.

Potentials are given versus Ag-AgCl electrode.

Sample Code (Emr Jeor *2 Jpas 2 it .
mV) (uA/cm?) (uA/cm?) (mV) (mV)
CA —122 0.93 628 750 + 175
cp —136 1.71 267 416 £ 154
Al —52 08 e e e
A2 -25 09%5 -
A3 —59 077 —— e
B1 —82 0.65 296 438 + 137
B2 —-97 0.57 137 234 £ 51
B3 —-91 0.61 105 196 £ 38

* Jcor Obtained from Tafel plots, only for A samples, when no passivity is depicted.

The impact of the powder preparation before SPS consolidation on the overall elec-
trochemical behavior is very pronounced. A large passivity domain is depicted in CA
samples, in a potential range of L = E;;; — Ecor = 750 mV (Figure 4a), with E,; representing
the pitting potential. CP samples exhibit a shorter and very instable passive potential
plateau with the existence of numerous vertical peaks revealing metastable pit nucleation,
followed by repassivation of the pits (Figure 4a). The passivation current density, Jpas, 1s
also higher for CP than for the traditional CA specimen, suggesting the degradation of the
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corrosion resistance in the passive region of SPS samples directly consolidated with the
commercial powder.

Pitting mechanisms due to chloride anions tend to strongly shorten the length of the
passive layer for A-type UFG specimens, leading to a premature breakdown of the passivity.
E,it decreases when the grain size decreases, and the passive plateau even vanishes for
A samples (Figure 4b—d). The current density increases in the pseudo passive plateau,
attributed to crevice corrosion mechanisms starting from open porosities [25]. A well-
defined passive plateau is, however, again depicted for B samples in the figures, revealing
the effect of pre-passivation of the ball-milled powder before SPS. ]y is smaller for B
samples than for CA cast ones, suggesting the presence of a more efficient oxide layer,
even if [y slightly increases with a decrease in grain size. The pre-passivation of the
powder also increases the stability of the passive layer for the smallest grain diameters
(Figure 4d). Indeed, the length of the passivation plateau, L, is about 438 mV for Bl
specimen (d = 400 nm), which is the best value obtained for SPS samples, and grossly half
the one measured on cast and annealed samples (L = 750 mV in average). Hence, taken into
account the large scattering of the values of L, (see values in Table 2), due to the stochastic
character of the pitting nucleation in stainless steels [26,27], the combination of ball milling
and passivation of the powder is an efficient way to obtain 316L samples with improved
corrosion resistance in a chloride environment, close and even slightly better than the one
of cast and annealed material.

3.3. Electrical and Semiconducting Characteristics of the Surface Oxide

Typical Nyquist plots are displayed in Figure 5 for some representative samples. An
open depressed capacitive loop is always evidenced independently on the elaboration
conditions, with a higher radius of the loop representing a better corrosion resistance [28].

Samples obtained by powder metallurgy exhibit a capacitive loop with a diameter
smaller than the one obtained for the cast and annealed stainless steel. Unlike the results
obtained for Na;SOy [24], the presence of chloride ions seems then to degrade the electrical
properties of the oxide layer, and this effect is more pronounced for specimens sintered
from ball-milled powders. No significant difference is, moreover, depicted between the A
and B samples, independent of the final grain size.

60 T CPE(Q, o)
Electrolyte Oxyde film Metal
_ 40T
e -
S
]
)
X
N
g
" 20
,— CA
s = CP
, — Al
y—Bl
0 } I
0 20 40 60

ReZ (x10° Q.cm’)

Figure 5. Examples of Nyquist diagrams for 316L specimens with various grain sizes. An equivalent
electrical circuit is given in the inset.

Despite the double-layer character of the passive film on 316L surface [29-31], a
simpler and sufficient model was adopted in this paper by considering the total resistive
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and capacitive answer of the oxide layer, as frequently used by other researchers [32-34].
The equivalent electrical circuit (inset in Figure 5) consists in the electrolyte resistance, R,
and an (R, CPE) element. The Ry is the total polarization resistance of the interface. A
Constant Phase Element (CPE) was chosen to represent the impedance of the oxide layer.
The impedance of the CPE element is as follows:

1

V4 = — 1
CPE = S amfi) 1)

where f is the frequency, Q is the CPE, « is the capacitor coefficient, and j is the imagi-
nary number.

The experimental results are well represented by this simple electrical model, as shown
in Figure 5 by the solid lines, especially for frequencies higher than a few hundred Hertz,
representative to the internal oxide layer. The model parameters, given the best fit for all
the samples, are resumed in Table 3. « is almost constant for all samples, with an average
value & = 0.89 £ 0.02; a value close to & = 1 is representative of a pure capacitive behavior.
No clear tendency is observed concerning Q, which takes values between 15 uF-s*~1/cm?
and 30 uF-s*~1/cm?2.

Table 3. Impedance-model parameters corresponding to the electrical equivalent circuit represented
in Figure 5 for 316L samples in NaCl electrolyte.

Sample R Riot Q u Cerr 2
Code (Q-cm?) (kQ¥-cm?) (uF-s*—1/cm?) (uF/cm?) (nm)
CA 229 201.28 16.1 0.90 31.0 2.6
CP 15.1 134.26 28.4 0.89 60.1 13
Al 17.3 225.69 14.6 0.89 28.9 2.8
A2 21.7 199.23 18.7 0.91 33.9 2.3
A3 18.6 175.68 26.0 0.87 65.5 12
Bl 16.5 256.26 18.3 0.90 345 2.3
B2 224 218.98 14.7 0.87 49.1 24
B3 19.2 204.01 21.2 0.88 48.1 1.7

When using the single CPE model adopted in this work, an effective capacity, Cey, of
the surface layer can be estimated by using the following relation [32]:
RsRir \ ' *
1 SRtot “
C = Q. = ¢ 'R * 2
eff =0 (R5+Rtot) S @

The approximation in the right part of Equation (2) is supported by the fact that Ry
>> R (see Table 3). Then, considering the oxide surface layer as an ideal plane capacitor, its
thickness, J, can be computed by using the following well-known formulae:

€0r

5 =
Ceff

€)

&, = 15.6 [35] is the relative dielectric constant of oxide film in 316L. gy = 8.85 x 10~ F/cm
is the vacuum permittivity. The values of C,rand 6 are reported in Table 3. § is around a few
nanometers, in accordance with previous results [32], and it does not vary with the grain
size. However, the larger values (higher than 2 nm) are found for the cast and annealed
sample, as well as for the smallest grain sizes. The CP, A3, and B3 specimens present the
smallest oxide thickness, explaining, in part, that these samples are weakly resistant in
corrosive NaCl electrolyte (Figure 3). Nanostructuration increases the oxide thickness when
the smallest grain sizes are reached (Al and Bl samples), given similar values to cast and
annealed ones, independently of the chemical passivation step of the powder.
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The polarization resistance, Ry, sensitively depends on the grain size, d (Figure 6),
following a linear relation with 1/d. The same evolution was reported in a NaySO4
electrolyte [24]. However, it can be noted that B samples do not exhibit the same behavior
as A samples. Ry values are higher for B samples but tend toward the same values as
those depicted in A samples for the smallest grain diameters.

300 1

As cast and annealed

2504 sample

2

R (kQ.cm)
]
f=1
S

'Commercial
powder

150 1 .
OBall milled powder
(A samples)
Ball milled and passivated powder
(B samples)
100 t } |
0 1 4 2 3
I/d (um )

Figure 6. Evolution of the polarization resistance, Ry, with 1/d for all the 316L samples.

The evolution of 1/C? with E in the cathodic potential region is displayed in Figure 7
(Mott-Schottky (MS) plots). These diagrams display two linear stages delimited above
by the flat band potential, Erg = —0.55 V/Ag-AgCl, not dependent on the elaboration
conditions. The negative slope corresponds to a p-type semiconductor and the positive
slope is related to a n-type oxide. A duplex oxide layer is therefore evidenced, with an
inner CryO3 p-type layer and an outer Fe;O3 n-type oxide [33]. The two linear relationships
between 1/C? and E can be written as follows [29]:

1 2 kT
o= (e ) (B0 7)) @

1 2 kT
&= (g ) (BB =) ©

where Np is the charge carrier donor density, and N4 is the charge carrier acceptor density.
e=1.6 x 1071 C is the elementary electrical charge, k = 1.38x10~2?? J /K is the Boltzmann
constant, and T = 293 K is the room temperature. kT /e ~ 0.025 V and is negligible in the
potential range of interest of Figure 7.

Table 4 sums up the representative values Ny, Np, and Epp for each 316L specimen.
A good agreement is found with the previous literature [30,35,36]. N4 and Np are in the
order of 10*! cm~3, representing highly doped semiconductors.

The total carrier density, N = N4 + Np, strongly increases with the grain refinement,
as displayed in the inset of Figure 7. The electron transfer through the oxide surface is then
enhanced because the film is more defective. The stability of the oxide layer is less effective
for the smallest grain sizes [37]. Indeed, CI~ anions can be more easily transferred through
the thickness of the oxide layer, filling the O?~ vacancies, and this can ultimately cause the
oxide layer to fracture.

Prepassivation of the powder has, however, a beneficial effect on this deleterious
mechanism by increasing Ry, (Figure 6), and it slightly increases the oxide thickness, J,
when the grain size is reduced (Table 3). The overall passivation current density is then
smaller for the B samples, than for the CA, CP, or A specimens (Figure 4). However, the
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pitting potential is always smaller for SPS samples, suggesting a greater instability of the
passive layer. Prepassivation combined with nanostructuration enhances, however, the
pitting resistance of SPS specimens. More detailed observations of pits are given in the next
part of the paper in order to better understand the underlying pitting mechanisms.
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Figure 7. Mott-Schottky plots around the flat band potential for passive films formed on some 316L
specimens. The variation of N = N4 + Np, along with the grain diameter, d, is represented in inset.

Table 4. Values of Ny, Np, and Erp for all the 316L specimens. (Potential is given versus Ag-
AgCl electrode).

Sample Code (lozlghzms) (1021(}%1“3) (IL;P‘E;)
CA 15.22 25.39 —590
cP 20.14 22.70 —556
Al 31.45 22.50 —557
A2 29.70 22.62 —556
A3 32.77 21.25 —568
Bl 2746 21.92 —543
B2 2850 19.91 —571
B3 29.57 22.88 —566

3.4. Role of the Prepassivation of the Ball-Milled Powder to Prevent Pitting Mechanisms

In the presence of CI™ anions, the passive film grown on surface samples becomes
sensitive to chemically induced breakdown, leading to pitting mechanisms. Typical
corroded surfaces and pitting behavior after potentiodynamic tests in NaCl electrolyte
(Jmax = 107! mA /cm?) are displayed in Figure 8 for the A and B specimens.

Figure 8 shows that pitting is strongly correlated to the average grain diameter for
A samples. Al samples (d = 0.4 um) exhibit a very important pit density, leading to
a generalized corrosion of the exposed area (Figure 8a). A2 samples (d = 0.75 pm) are
subjected to localized corrosion phenomena, with numerous pits on the exposed surface
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(Figure 8b), but a large part of the sample remains free of pits at this observation scale.
Concerning the Bl and B2 samples (Figure 8c,d), obtained with the passivated powder,
no pitting is depicted on the exposed area at this observation level. For these samples,
the breakdown of passivity observed in potentiodynamic curves in Figure 4d is, therefore,
mainly produced by the smallest pits, which are mainly nucleated on grain boundaries and
porosities [38].

Al -0.4 pm A2—-0.75 um

¢ e -
» . )
o’ :
. . L - s
e o3 % 4 nd
s B L 2
. [W]p1 * W e
@ (@] P3 ]
2 . #
L ]
L ] i , il
i (S
: (b) o
2 mm 2 mm
Bl -0.4 pm B2 -0.75 pm
5 i
\‘\‘I.
3 y |
© o—s @
2 mm 2 mm

Figure 8. Corrosion landscape of SPS 316L with ball-milled (A samples) powder and ball-milled and
passivated powder (B samples): (a) Al, (b) A2, (c) B, and (d) B2. Average grain sizes are given for
each sample.

From a material-health point of view, the localized corrosion observed on A2 is more
harmful than the almost-generalized corrosion observed on Al. Indeed, in the first case,
where the attacked surface being smaller than the surface exposed to the electrolyte, the
local current density is much greater than [ = 10~ mA /cm?. Since the corrosion rate is
directly proportional to ], due to Faraday’s law, A2 will crumble much faster than Al.

Looking in more detail at the geometric features of the pit in A2 specimens, we see that
the ratio between the depth, Py, and the equivalent diameter, D,,, of some representative
pits, in function of Dy, is displayed in Figure 9. Figure 10 also illustrates some examples of
pits depicted in A2 surfaces after potentiodynamic tests. Large flat-bottomed main pits can
be observed, with a Py;x/Deg ratio lower than one, corresponding to filled square points
in Figure 9. Around these large pits, smaller satellite pits are also observed, distributed
around the main pit mouth. The Pjx/De, ratio for these satellites can be higher (empty
red square, Figure 9) or lower than one (empty blue square, Figure 9), depending on their
distribution around the principal pit.
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Figure 9. Evolution of the ratio between the maximal depth, Pyuay, and the equivalent diameter, D,
of several representative pits depicted in A2 samples. Schematic morphology of the pits in pink,
depending on the ratio Pyax/Deg-

Under specific electrochemical conditions, pits tend to grow under the free surface of
stainless steels. This leads to a so-called lacy cover on the pits [39]. This cover hinders the
diffusion of corrosive and aggressive species, trapped in the bottom of the pit. Repassivation
of such a pit is therefore prevented, and the corrosion propagates below the outer free
surface [40]. The holes are produced by metal dissolution inside the pit, beneath its rim,
undermining the metal surface and finally emerging outside, through the free surface [41].
When such satellite emergence occurs, this feature leads to the local uplift of the free surface,
as observed by confocal imaging (Figure 11).

This mechanism is also supported by statistical measurements on all pits on the A2
surface, performed after successive polishings P1, P2, ..., P8, in order to access to a pseudo
3D cartography of the main pit and associated satellites (Figure 12). The average diameter
of pits after polishing tends to increase up to a depth of about 40 um, and then the diameter
reaches a plateau and finally decreases for higher depths (Figure 12a). This is also illustrated
in Figure 12b, which displays the successive height profiles of a given pit, and in Figure 12c,
representing the iso-contour of a pit after successive polishings. Corrosion under the
surface of the steel is evidenced both through these two examples and statistically for all
the pits on the sample surface (Figure 12a), and it can be schematically drawn, as shown in
Figure 12d.

Using HNOj acid solution to passivate the ball-milled powder before SPS prevents
this pitting growth mechanism, leaving the exposed surface to the NaCl electrolyte free
from large pits (B samples, Figure 8c,d) and, therefore, making the material more resistant.
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Figure 10. Typical pits observed on A2 surfaces after exposition to NaCl environment during
potentiodynamic experiment (Jx = 107! mA/cm?). (a—c) Pits P1, P2, and P3, highlighted by red
squares in Figure 8b. For each pit (vertical images) are given, from up to bottom, the image by light
microscopy, the 3D profile by laser confocal microscopy, and a depth profile (values are in pum).

Figure 11. P2 pit (cf. Figure 8b) depicted on A2 surfaces, with five smaller satellite pits around. Uplift
of the surface matter around the satellites is evidenced as red areas depicted by confocal 2D images.
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Figure 12. Evolution of the pit morphology with several successive polishings, P1, P2, ..., P8.
(a) Variation of the average equivalent diameter with average depth. Statistical measurements
performed on all the pits present in A2 surface. (b) Evolution of the profile along the yellow line
of a pit shown in inset. (c) Iso-contour of the diameter of a pit and its satellites (black) after several
polishing levels. (d) Schema of the development of subsurface corrosion for a main pit.

4. Conclusions

In this work, the corrosion resistance in the NaCl environment of UFG 316L steels
produced by ball milling and SPS was studied. The main conclusions of this work are as
follows:

- The passivity is improved when the powder is passivated in HNOj3 prior to sintering,
especially for the smallest grain sizes.

- Reducing the grain diameter in the UFG range increases the electrical resistance of the
oxide film.

- The total charge carrier density of the oxide layer decreases as the grain size increases.
CI™ anions are then less able to transfer through the thickness of the outer layer, and
then the chemical breakdown of the passive layer is more difficult to achieve.

- The mechanism of pitting consists of nucleation and subsurface growth of the main
pits, followed by the formation of satellite pits distributed around the main pits.

- The pre-passivation of the powder prevents this pitting nucleation and growth mechanism.
As a result, the samples with the smallest grain diameters made with the pre-passivated
powder develop a better resistance to pitting than those made with the commercial
powder, as well as improved corrosion properties in chloride environments.
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