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ARTICLE INFO ABSTRACT

Keywords: The passive films formed on laser-beam-melted (LBM) and conventonal 17-4PH martensitic stainless steels were

A. Swminless steel

B. EIS

B. Modelling studies
C. Passive films

C. Pitting corrosion

studied by electrochemical impedance measurements in a 0.5 M NaCl solution at the corrosion potential. The
passive films were described as dielectric layers, and impedance data showed that the Young model was the most
appropriate to describe their electrical properties. Fitting of the impedance data led to lower capacitance values,
associated with a thicker oxide layer, and higher resistivity values at the oxide-electrolyte interface for the LBM

samples. While the differences were subtle, impedance measurements served to explain the better pitting
corrosion resistance of LBM samples.

1. Introduction

In the last few years, additive manufacturing (AM) has emerged as a
powerful means of producing metallic parts. Indeed, these new pro-
cesses allow the fabrication of near-net-shaped structures of many
metallic materials without prohibitive waste generation and with sub-
stantial time saving [1]. Additively manufactured (AM) steels have been
largely studied, and abundant literature has been focused on the mi-
crostructures of AM steel components, and only a few very recent ref-
erences have been given here [2-4]. However, very few papers
concerned their corrosion properties, and the largest part of these con-
cerned 316 L stainless steel (SS) [5-12]. The authors compared the
corrosion properties of AM 316 SS to those of the wrought counterpart,
and showed that substantial differences were observed between the two
materials due to specific microstructures generated by AM processes. In
most of the studies, authors showed that AM 316 SS showed a better
corrosion behavior than its conventional counterpart due to its finer
microstructure and absence of MnS inclusions [5-10]. In their review,
Sander et al. [13] showed that only a few studies have been performed
concerning the 17-4PH martensitic stainless steel (MSS), even though
this ferrous alloy is widely used in a large variety of applications. These
authors referred to the work of Schaller et al. [14] and Stoudt etal. [15].
They showed that the two studies led to contradictory results; this could
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be explained by considering that Schaller’s work was focused on the
influence of porosities on the 17-4PH coirosion behavior, whereas,
Stoudt et al. investigated the effect of post-build heat treatments. More
globally, such a comment could be related to the complexity of the
microstructures generated by AM processes. Indeed, studies focused on
the microstructure of AM 17-4PH MSS showed that AM components
contained microstructural defects, e.g., gas pores or lack-of-fusion pores,
which were not observed in the wrought MSS [16,17]. Such micro-
structural defects could significantly influence the corrosion behavior,
as shown by Schaller et al. [14], but also other authors for the 17-4PH
MSS and other steels [18-20]. Furthermore, AM processes induced
other changes in the microstructure of 17-4PH MSS, such as changes in
the austenite to martensite ratio, martensite lath sizes, morphology and
density of carbides [21,22], and all those parameters are likely to in-
fluence the corrosion behavior of the MSS. In our previous study [23],
we compared the pitting comrosion  behavior of a
power-bed-laser-beam-melted (LBM) 17-4PH MSS to that of the con-
ventional MSS. We showed that LBM 17-4PH MSS had more noble
pitting potentials, which was related to smaller niobium carbides (NbCs)
acting as preferential pitting sites, as compared to conventional MSS. In
another study [24], we performed a combined X-ray photoelectron
(XPS) spectroscopy and transmission electron microscopy (TEM) study
of the passive films formed on both the LBM and conventional 17-4PH



MSSs. We showed that a similar two-layer structure of the passive film
was observed for both MSSs, but the passive film formed on the con-
ventional MSS was thinner and contained a higher Cr content as
compared to the passive film formed on LBM MSS, due to the lower
reversed austenite to martensite ratio in the conventional MSS as
compared to the LBM MSS. Those results highlighted the interest of an
in-depth analysis of the properties of the passive films formed on the
conventional and LBM 17-4PH MSSs to contribute to explain their
pitting corrosion behaviour.

Literature data exist concerning the structure and electrical proper-
ties of passive films formed on AM 316 SS [6-8,11,12], but, to our
knowledge, nothing has been done concerning the AM 17-4PH MSS. A
recent work of Revilla et al. [11] proposed an electrochemical imped-
ance spectroscopy (EIS) study of the native oxide layer of AM 316 L SS
by comparison to the wrought counterpart. The authors showed signif-
icant differences in dielectric properties and conductivity profiles of the
oxide layers formed on the two steels. This study demonstrated once
more the interest of EIS for the analysis of the electrical properties of the
passive films, which has been previously shown for conventional
metallic materials [25,26]. However, proper analysis of EIS data re-
quires use of a process model, i.e., a model that could lead to a mean-
ingful representation of the electrochemical system, with the hypothesis
that these oxide layers are uniform and homogeneous in a plane parallel
to the surface, but have a property gradient in a direction perpendicular
to the surface. Veluchamy et al. provided a critical review of the models
used to describe the mechanisms underlying passivity [27], showing
that numerous models exist, but the mechanism are not well understood.
Tribollet et al. [28] presented different models that can describe an
oxide layer considered as a dielectric layer, in particular the Young and
power-law models, both taking into account the variation in the re-
sistivity of the passive film with respect to the normal distance to the
sample surface. Those models have been extensively used in the litera-
ture to analyze EIS data for conventional materials [29-37]. Further-
more, the measurement model has also been shown to be useful to
quantify the error structure of EIS measurements [38,39].

The objective of the present work is to take advantage of EIS to
analyze the electrical properties of the passive film formed on a LBM 17-
4PH MSS in comparison to its conventional counterpart. This will
contribute to the development of a "database" within the literature
concerning AM materials and their corrosion properties. EIS measure-
ments were performed in NaCl solutions, and EIS data were analyzed by
using, at the appropriate steps of the analysis, the measurement and
Young models. The results are discussed in relation with our previous
papers and literature data to contribute to an explanation of the corro-
sion properties of the LBM 17-4PH MSS in relation with its
microstructure.

2. Experimental

LBM 17-4PH MSS cubic parts (20 x 20 x 20 mm?) were fabricated
from nitrogen-atomized powder provided by Erasteel. LBM part building
was performed under argon atmosphere using an EOS M290 machine
equipped with a 400 W laser, with the building plate maintained at 200
°C during the process. A 40-pm layer thickness was maintained, and the
laser power was between 351 W and 388 W leading to a hatching dis-
tance of 110 pm. The laser strategy corresponded to a chessboard
building with a 67-degree rotation between each layer. The building was
in the z-direction, such that the XY plane was parallel to the building
plate. For purpose of brevity, only this plane of the cube was studied in
the present paper. For comparison purposes, samples removed from a
50-mm cylinder of a wrought 17-4 PH MSS provided by Bohler Edelstahl
in H1025 metallurgical state were studied as a reference: they are
referred to as conventional samples. LBM and conventional samples
were removed from the core of the samples, i.e., cubes and cylinders,
respectively, to avoid any influence of the edges, in particular any in-
fluence of the contouring strategy of the LBM process. The chemical

composition of LBM and conventional samples is given in Table 1. The
samples were studied after H900 heat treatment, which corresponded to
a solution heat treatment at 1040 °C for 30 min followed by air
quenching, and then by an ageing at 480 °C for 1 h with final air
quenching. The microstructures of both LBM and conventional MSSs
were described in detail in a previous paper [23]. For brevity, only the
main results are reported here after. For the LBM MSS, 50-800 nm wide
martensite laths were observed, while, for the conventional MSS, the
martensite laths were coarser with a width in the range [700 nm - 2.5
pm]. Furthermore, the LBM 17-4PH MSS contained finer NbCs pre-
cipitates as compared to the conventional MSS. Results also showed
substantial differences in the austenite to martensite ratio between the
two steels, with only 0.8 % of austenite for the conventional MSS, while
the amount of austenite was ~ 12 % in the XY plane of the LBM MSS.
Finally, it was of interest to note that, on the basis of hydrostatic
weighting analysis of the LBM samples, the porosity rate was calculated
and was only 0.04 %, supporting the hypothesis that pores did not in-
fluence the corrosion behavior of the LBM samples, as shown by Barroux
et al. [23].

EIS measurements were performed in a 0.5 M NaCl solution at 25 °C,
stirred and open to air, by using a three-electrode cell, with a saturated
calomel electrode (SCE) and a platinum foil, as reference and counter
electrodes, respectively. The working electrode was LBM or conven-
tional MSS sample, embedded in an epoxy resin, with a surface area
exposed to the electrolyte of ~ 1 cm?. Before EIS measurements, the
sample surface was mechanically ground with SiC paper down to 2400
grade and then polished with diamond paste down to 1 pm. Finally, the
surface was rinsed with deionized water in an ultrasonic bath. Two sets
of EIS measurements were performed. The first one corresponded to the
repetition of five EIS measurements performed consecutively with the
same sample, i.e., the conventional sample, in order to calculate the
error structure of the EIS measurements by using the measurement
model. Before the first EIS measurement, the sample was maintained in
the NaCl solution for 12 h at its open circuit potential (OCP) in order to
reach near steady-state conditions. The second set of experiments con-
sisted of EIS measurements performed after 12 h at OCP in 0.5 M NaCl
solution for LBM and conventional samples. Samples were polished
before each EIS measurement, and for each sample, the measurements
were repeated three times to assess reproducibility. For all EIS mea-
surements, the frequency range was from 10° Hz to 10~2 Hz, the po-
tential modulation amplitude was 10 mV (rms), with 6 points per
decade, and each average impedance value was calculated with 5
measurements per point.

The impedance data were regressed using a computer program
published by Watson and Orazem [40]. The program allows measure-
ment model analysis to identify the stochastic error structure of
impedance measurements and to determine what part of the measure-
ment is inconsistent with the Kramers-Kronig relations. The resulting
data were subsequently regressed by an in-house simplex regression
program.

3. Results

The impedance data were subjected to graphical analysis to provide
an initial evaluation of the corresponding parameters. The measurement
model was employed to assess the error structure of the data, and this
information was used in regressing the process model, described in this
section, to the experimental data. The organization of this part reflects
the methodology applied.

3.1. Qualitative analysis of EIS measurements

As an example, results from impedance measurements are plotted in
Fig. 1 for the conventional steel. The results are presented on Bode plots
and ohmic-resistance-corrected Bode plots (Fig. 1a and b). Corrected
Bode plots correspond to the Bode plots of Z-R, where Re, the electrolyte



Table 1
Chemical composition of the LBM 17-4PH and conventional MSSs.

wt. % Cr Ni Cu C Nb Mn Si Mo N Fe
Conv. 15.42 4.49 3.24 0.036 0.26 0.39 0.35 0.15 0.030 bal.
LBM 16.20 4.08 3.56 0.028 0.27 0.32 0.71 <0.02 0.035 bal.
10°;
] a) 50 b)
10°4 e s,
10
-60-
R
510 >
] ] -
: 2 ‘40'
101_§ 88553050,
] -20-
100‘_ O Conventional O Conventional
A Conventional - adjusted A Conventional - adjusted
measurement model Measurement model
1 0_1 A measurement model 0 Measurement model
102 10" 10° 10" 10> 10° 10" 10° 102 10" 10° 10" 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)
10% 075
10° )
E 0.8, °o©
1 o
T 03] S o8] ° °
5 10 3 A o o
©] ] = o
= 104 o oy °
N S 091 %, °
] - o) o o
o' ] ° IR Q0 o
1 : 0 oo pece
10° : -0.95
: O conventional
17 Measurement model
10 +m—rrmm—rrm— T 1
- P o ] 5 3 4 5 PP PR P P P e
10° 10 10° 10 10° 10° 10 10 10 10 10 10 10 10 10 10

Frequency (Hz)

frequency (Hz)

Fig. 1. Bode plots and ohmic-resistance-corrected Bode plots in 0.5 M NaCl at E,,, for the conventional 17-4PH MSS: a) impedance modulus as a function of
frequency, b) phase as a function of frequency, c) log|Zj| as a function of log(f), and d) dlog|Zj| /dlog(f) as a function of log(f).

resistance, is estimated from the high-frequency data [30]. It is of in-
terest to note that similar impedance diagrams were obtained for both
MSSs. They both correspond to typical impedance data of a passive
electrode under investigation. The data are also presented in the form
log|Z;| as a function of log(f) (Fig. 1c). The slope of the curve in Fig. 1c
corresponds to the « value of the CPE if the impedance could be
analyzed with a CPE, given that, for a CPE, the « value is independent of
the frequency on a given frequency range [30]. From this curve, the
figure dlog|Z;j|/dlog(f) as a function of log(f) can be easily deduced
(Fig. 1d). The results presented in Fig. 1d indicate the absence of

frequency-independent CPE behavior. Indeed, the phase of the corrected
Bode plots (Fig. 1b) shows in high frequency a variation which corre-
sponds to the ohmic impedance [31]. This ohmic impedance is the cause
of the increase in the exponent value -dlog|Z;j|/dlog(f) for frequencies
higher than 100 Hz.

3.2. Model used to describe the electrical properties of the passive films

Previous qualitative description of the impedance diagrams showed
that EIS data were representative of the electrical properties of the



passive films formed on the MSSs. To go further in the investigation, EIS
data were analyzed using the most appropriate model. In the present
paper, we considered that the passive films formed on the LBM and
conventional samples corresponded to dielectric layers, characterized
by an impedance Zy [28]. The layers were assumed to be homogeneous
in a plane parallel to the sample surface. This constituted a simplifying
hypothesis if we refer to our previous work [24]. Indeed, we showed,
first, that the passive film formed on NbCs was different from this one
formed on the martensitic matrix, which was true for both MSSs. Results
also suggested differences in the passive films formed on austenitic
grains from the one hand, and martensitic grains on the other hand. This
was of major importance for the LBM samples which contained ~ 12 %
of austenite. Therefore, this meant that the model should lead to mean
properties in a plane parallel to the sample surface for both MSSs, in
particular for LBM samples. Local impedance spectroscopy measure-
ments should be necessary to take into account the heterogeneities in a
plane parallel to the surface. However, as this was out of the scope of this
study, we considered that a description of the mean properties in a plane
parallel to the surface, but taking into account heterogeneities in the
direction normal to the sample surface, constituted an interesting first
approach for the LBM steel which has not been studied until now.

The equivalent circuit (Fig. 2a) also included the double-layer
capacitance and a parallel resistance R.. The parallel resistance corre-
sponds to the electronic resistance Rejec Of the passive film in series with
the charge-transfer resistance R, associated with the cathodic oxygen
reduction reaction at the electrolyte/passive film interface. The
impedance diagrams also showed that the model needed to include the
ohmic impedance Z, as defined in [31] and given by

RLF RHF

I+ o)™ w

Z, Ryr +

where Ry is the electrolyte resistance R, at infinite frequency, Ryp is the
low-frequency limit of the resistive behavior, t and a* are the two pa-
rameters corresponding to the distribution of time constant, and v is
added to take into account the frequency dispersion. Eq. 1 was verified
for a disk electrode. In the present case, the electrode was rectangular,
but, even if Eq. 1 could be different, the behavior is qualitatively the
same. Therefore, the impedance of the electrochemical system Z was
given by

L @

Z Z + 5
T &

Finally, to account for the heterogeneity of the passive films in the

a)

direction normal to the sample surface, a gradient in resistivity was
assumed to exist from the underlying alloy/passive film interface to the
passive film/electrolyte interface. In agreement with Tribollet et al.
[28], such an oxide layer could be represented, with relevant physical
meaning, by stacking several layers of similar thickness equal to d, each
being characterized by a resistance R in parallel with a capacitance, such
that the global passive film could be described by several RC circuits in
series, the number of RC circuits depending on the resistivity profile of
the passive film (Fig. 2b). In the literature, two resistivity profiles were
proposed: a power-law model [25] and an exponential model [28]. The
impedance corresponding to the power-law model presents a CPE
behavior on a given frequency range, while the impedance corre-
sponding to the Young impedance is not a CPE, but is characterized by a
value of - dlog|Zj|/dlog(f) that increases with frequency. The experi-
mental data given in Fig. 1d corresponds to the Young model. Under the
assumption that Zo was well-represented by using the Young model
[28], it could be given by

2 1+ jeegpoexp( ?)
Zy —nf{———~ 3
Jjego 1 + jegop,

where py is the passive film resistivity at the underlying alloy/passive
film interface, § the passive film thickness, A is a characteristic distance
of the resistivity profile, € is the dielectric constant, and gy is the
permittivity of vacuum. To fit the impedance data, it was easier to use pg
which corresponded to the passive film resistivity at the electrolyte/
passive film interface, with ps given by

o
Ps  Poexp (7) (C)]
The resistivity profile was then given by

1)
) pewn(5) s e ®)

Eq. 5 shows that, with the Young model, the resistivity profile is a
straight line in logarithmic scale.

3.3. Quantification of the error on the EIS measurements by using the
measurement model

Before processing the Young model to the experimental data, the

error structure of the data was determined by using the measurement
model [40]. This model was developed to find first a way to account for

b)

Electrolyte

l Electrolyte
Cdl _I_ Rct

Relec = .

Passive film

_ —— n voigt elements
17-4PH MSS
17-4PH
MSS

Fig. 2. Equivalent circuit used to model the electrochemical system: a) global circuit including the ohmic impedance given by Eq. 1 and the passive film impedance
given by Eq. 3 and b) schematic description of the passive film layer as RC circuits in series to represent the heterogeneity of the layer in the direction normal to the

sample surface.



measurement errors in the analysis of electrochemical impedance data
while using relatively few parameters [41-43]. It is a circuit model
consisting of a solution resistance in series with a number of Voigt ele-
ments — these Voigt elements are comprised of a resistor in parallel with
a capacitor. The general structure for the measurement model to be
regressed is
k n Rk

Z R+Z R+ ;TM (6
where R, is the electrolyte resistance, Ry is the kth Voigt element resis-
tance, and T is the Kkt Voigt element time constant (equivalent to RiCy).
The corresponding equivalent circuit can be seen in Fig. 2b.

The principle behind using the measurement model to estimate the
stochastic contribution to the error structure was presented by Agarwal
et al. [44]. The complete error structure model is of the form

4 a. ‘Z/| + Bz, R| + Ve‘Z‘ZJF Se @)

In the absence of internal sources of noise such as bubble generation,
the stochastic noise is largely determined by the instrumentation. Thus,
a single set of parameters a,, ff, 7., and & should be sufficient to describe
all impedance measurements conducted in a similar manner on a given
instrument. To determine the error structure model, we used five
replicate measurements: this was done for the conventional 17-4PH
sample. In Fig. 3, the triangles and open circles represent the real part
and the imaginary part, respectively, of the standard deviation in which
the lack of reproducibility was filtered by the measurement-model
technique. The line given in Fig. 3 is the fitted model for the error
structure, i.e.,

6 0003953 |Z| + 7.16710 ° |Z|" + 0.001499 ®

where S, used in Eq. 7 was set equal to zero.

The error structure calculated for the conventional sample was
assumed to be relevant for the LBM sample, considering that the
impedance measurements were performed exactly in the same condi-
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Fig. 3. Real and imaginary standard deviation of the stochastic part of
impedance measurements obtained by application of the measurement model
to impedance data obtained for the conventional sample in 0.5 M NaCl solution.
The blue line is the fitted model for the error structure (Eq. 8) (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

tions for both samples over identical frequency ranges. The regression of
the Voigt measurement model yields capacitance, ohmic resistance, and
polarization resistance values from impedance data. The capacitance of
each Voigt element can be expressed as

Tk

C 9
R )
When the frequency tends towards infinity, Eq. 6 becomes
k n 1 _]
Z R jy — R 10
] kzl: 0)Ck (Uccff
where the effective capacitance can be obtained as
1 k n 1
— an
Cerr ,Zl: Cy
When the frequency tends towards zero, Eq. 6 becomes
k n
Z R, R+ R 12)

where R, YK "Ry provides a value for the polarization resistance.

In the present study, only the parameters Ceg and R, are needed to
characterize the oxide layer. Their values are given in Table 2 for the
three conventional samples and for the three LBM-XY samples. The
corresponding fit with the measurement model is given in Fig. 4 and is
quite good. It appears in Table 2 that the capacity values are a little bit
larger for the conventional samples than for the LBM-XY samples. This
could be interpreted as thinner passive films on conventional samples,
by comparison to LBM samples, which should be in agreement with the
lower modulus of the impedance for the conventional sample as
compared to the LBM-XY sample (Fig. 4).

Table 2

Parameter values obtained by regression of the measurement and Young models
to the impedance data (R, values taken from the measurement model and € = 12
are used as input data for the Young model).

Conv.—1 Conv.—2 Conv.—3
Cym (UF cm 2) 9.0+ 0.5 7.2+ 0.8 9.5+ 0.7
5 10.15 + 10.03 + 10.03 +
M:s;; R (@ em?) 0.04 0.03 0.02
Number of fitted Voigt
10 10
elements
Cym (UF cm %) 8.36 9.65 10.21
Re (Q cm?) 10.15 10.03 10.03
ps (Qem b 2.66 1.58 2.5
Y"m“:dgel A (nm) 0.043 0.036 0.034
5 (nm) 1.27 1.10 1.04
Cai (uF cm 2) 47.9 32.8 53.5
R; (MQ cm?) 2.13 1.11 2.12
LBMXY-1 LBMXY LBM XY -3
-2
Cvm (UF cm %) 7.0 £ 0.3 56+0.4 6.0+06
5 10.83 + 9.72 + 12.15 +
Mz‘zgzl Re (@ em? 0.02 0.02 0.04
Number of fitted Voigt
11 9
elements
Cym (UF cm 2) 8.23 9.15 7.13
R (Q cm?) 10.83 9.72 12.15
Young ps (Qcm 1) 111 59 15.4
model A (nm) 0.049 0.044 0.053
8 (nm) 1.29 1.16 1.49
Cq (WF cm %) 425 33.5 27.8
R; (MQ cm?) 2.53 0.92 1.69
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3.4. Description of the resistivity profile of the passive film by using Young
model

Due to the fact that a CPE was not evident in the entire frequency
range (Fig. 1d), the Young model was used to analyze the experimental
impedance data. In order to avoid the influence of the ohmic impedance,
the experimental curves were regressed in the frequency range 0.01 Hz —
100 Hz. In this frequency range, the ohmic impedance is assumed to
correspond to Ryp. For each sample, R, values were those calculated by
using the measurement model because they were the most accurate
values that can be reached given that, for the Young model, the
regression of the impedance data were done only for the low fre-
quencies. Estimates for ps, A, and & (Eq. 3) and Cgq; and Ry RejectRet
(Fig. 2a) were obtained by an in-house simplex regression. As an
example, the fitted curve and the experimental one are plotted in Fig. 5
for a conventional sample. Here also, both fitted and experimental
curves are well-superimposed, and, for all samples, the results are
similar. Regressed values are presented in Table 2. By using the usual
formula, i.e.,

EE)

5 13

CYM

where ¢ was assumed to be equal to 12, and g is the permittivity of
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vacuum (  8.85 107 F/cm), the capacitance was determined, and
values are given in Table 2. It can be noted that the capacitance values
are a little bit larger than the values obtained with the measurement
model. However, with both models, the values for the conventional
samples are higher as compared to the LBM-XY samples, and as a
consequence the corresponding thicknesses of the passive films are
smaller for the conventional samples than for the LBM-XY samples.
The resistivity profiles obtained from the fitted parameters given in
Table 2 (Eq. 5) are presented in Fig. 6. The resistivity profiles correspond
to straight lines in semi-logarithmic coordinates, and the resistivity
varies from an insulator at the metal-oxide interface to a semiconductor
at the oxide-electrolyte interface. It could be reminded here that the
oxygen reduction occurs at the oxide — electrolyte interface, where the
oxide behaves as a semiconductor; then, the electron-transfer between
this interface and the metal proceeds via the electronic resistance (Rejec)
of the oxide layer. The resistances associated to Z, calculated with the
Young model, are ionic resistances linked to vacancies. Therefore, the
resistivity profiles are associated with ionic resistivity. Results first
showed a quite good repeatability of the resistivity profiles for both the
conventional and LBM samples. Then, results also showed that the
slopes of the resistivity profiles for LBM samples were slightly lower than
those obtained for the conventional samples, such that the resistivity
values for the LBM samples at the oxide-electrolyte interface were
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Fig. 5. Ohmic-resistance-corrected Bode plots in 0.5 M NaCl at E.,,, for the conventional 17-4PH MSS for a reduced frequency range: a) impedance modulus as a
function of frequency and b) phase as a function of frequency. Impedance data were fitted with the Young model. (color online only).
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Fig. 6. Resistivity profiles obtained from the fitted parameters given in Table 2
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slightly higher than for the conventional samples.
4. Discussion

The objective of the present paper was to compare the electrical
properties of the passive films formed on both LBM and conventional 17-
4PH MSS samples. Results showed that the Young model was the most
appropriate model to fit the impedance data obtained to characterize the
electrical properties of the passive films formed on both LBM and con-
ventional 17-4PH MSS samples. The Young model is associated with an
exponential distribution of the resistivity through the passive films for
both samples and is in agreement with results obtained by Revilla et al.
for both AM and conventional 316 L SS [11]. Those authors obtained
conductivity in the same order of magnitude than in the present study,
and they showed that the conductivity profiles for the two samples were
markedly different. In the present study, differences in the resistivity
profiles obtained for the LBM and conventional 17-4PH samples were
also observed, with resistivity values at the oxide-electrolyte interface
higher for the LBM samples than for the conventional samples.
Furthermore, in the present study, slightly higher capacitance values
were obtained for the conventional 17-4PH MSS by comparison to LBM
samples, in agreement with Revilla et al. [11].

Those higher capacitance values for the conventional samples led to
thickness values 6 that were lower as compared to LBM samples. This
result was in agreement with our previous results obtained by using both
XPS and TEM [24]. Slight differences were noticeable, however, be-
tween the three sets of § values: 3.9 and 4.4 nm from XPS calculations,
2.4 4+ 0.1 nm and 3.0 & 0.1 nm from TEM measurements [24] and ~ 1.1
nm and ~ 1.3 nm from EIS data fitting for conventional and LBM MSSs,
respectively (Table 2). The values given here from EIS data fitting are
mean values calculated from the three § values given in Table 2 for both
LBM and conventional samples. Concerning the differences between XPS
and TEM thickness values, they were probably due to the different
surface regions probed by the two techniques, and/or limitations of the
equation used for XPS calculations. For EIS data fitting, it was of
importance to note that & values were directly linked to the & values
used. Here, the thickness was obtained by considering a value of 12 for
the dielectric constant, which is a common value used in the literature. It
was worth noting that, if the dielectric constant had a value of 25, as was
reported by Revilla et al. [11], about the same thickness would be ob-
tained by EIS and TEM. Nevertheless, we showed in previous study [24]
that the differences in microstructure between the LBM and conven-
tional samples led to the formation of a two-layer structure for the

passive films formed on both the conventional and LBM steels with, as
previously reminded, differences in thickness, but also in chemical
composition. Differences in compositional gradient in the passive film
were shown, in particular concerning Cr distribution in both the inner
and outer oxide layers [24]. These differences in compositional gradient
should explain the differences in resistivity profiles shown in Fig. 6. This
could in turn affect the dielectric properties of the passive film formed
on the LBM samples and led to a different value of the dielectric constant
by comparison to the conventional MSS. Therefore, the assumption that
the dielectric constant for both LBM and conventional samples are equal
may not provide the best approximation. For this reason, calculations
were also done by using the values of passive film thickness (8) obtained
by using TEM as input data, i.e. 2.4 nm and 3.0 nm for conventional and
LBM MSSs, respectively. In this case, the EIS experimental curves were
regressed in the same frequency range 0.01 Hz — 100 Hz as before. Re
values were those calculated by using the measurement model. How-
ever, the three parameters fitted here were ps, A and € (Eq. 3). Values are
given in Table 3. Results showed that the dielectric properties were
different for the passive films formed on the two MSSs, with mean ¢
values of 26.3, close to the € value of 25 chosen by Revillaetal. [11], and
32.3 for the LBM and conventional MSSs, respectively. Those values
were associated with higher capacitance values for the conventional
samples as compared to the LBM samples, in agreement with both values
from the measurement model and values from the Young model calcu-
lated using the first hypothesis (where € was fixed to 12).

The results obtained in the present study thus showed different
electrical and dielectric properties of the passive films formed on LBM
and conventional samples, associated with differences in thickness and
composition. Concerning the thickness of the passive films, for all
techniques, the § values corresponded to mean thickness values of the
passive films formed on the MSS surfaces. The lower mean thickness of
the passive films measured for the conventional samples could result
from two contributions. Firstly, we showed in our previous study [24],
by performing TEM observations at the scale of microstructural features,
that the passive film formed on the NbCs was thinner, i.e. about 1.3 nm

Table 3

Parameter values obtained by regression of the measurement and Young models
to the impedance data (R from the measurement model and & values of 2.4 nm
and 3.0 nm for conventional and LBM MSSs, respectively, are used as input data
for the Young model).

Conv.—1 Conv.—2 Conv.—3
Cyt (HF cm %) 9.0 £ 0.5 7.2+0.8 9.5+ 0.7
10.15 + 10.03 + 10.03 +
2:

M:s;; R (@ em?) 0.04 0.03 0.02
Number of fitted Voigt 7 10 10
elements
Cyym (UF cm ) 10.32 12.54 12.90
Re (Q cm?) 10.15 10.03 10.03
ps (Qem 1) 305 161 430

Y"m“:dgel A (nm) 0.10 0.10 0.10
3 28 34 35
Caq (WF cm %) 47.9 30.3 53.5
R; (MQ cm?) 2.13 0.89 2.12

LBMXY -1 LBM XY LBM XY -3
-2
Cvm (UF cm %) 7.0 + 0.3 56+0.4 6.0+0.6
5 10.83 + 9.72 + 12,15 +

M:::ZI Re (@ em?) 0.02 0.02 0.04
Number of fitted Voigt 9 1 9
elements
Cym (UF em 2) 7.96 8.55 6.78
Re (Q cm?) 10.83 9.72 12.15

Youn ps (Qcm 1) 1.0 24.6 1.48

mogel A (nm) 0.10 0.12 0.10
€ 27 29 23
Cq (UF cm %) 38.6 37.9 27.6
R (MQ cm?) 2.54 1.43 1.69




thick, than that this one formed on the matrix. Therefore, the higher
amount and larger size of NbCs in the conventional samples explained,
at least partially, that the mean passive film thickness measured for the
conventional samples was lower than for the LBM samples. Further-
more, the presence of a larger amount of reversed austenite in LBM
17-4PH MSS by comparison to the conventional sample should
contribute to explain such a difference in the passive film thickness.
Indeed, we showed in our previous study [24] that, because of lower Cr
amount by comparison to martensitic grains, austenite grains are
covered by a passive film containing less Cr leading to a global lower Cr
amount in the passive film formed on 17-4PH LBM sample by compar-
ison to conventional sample. This should be associated with differences
in growth kinetics and resulting thickness of the passive films.

Clearly, it should be interesting to combine local TEM measurements
of the passive film thickness (on NbCs, martensite and austenite grains),
which should be highly time-consuming, with local EIS measurements,
even though the relationship between the local EIS values and the nature
of the microstructural features should not be trivial; but, this was not the
scope of this study. The main results here were the good correspondence
between XPS, TEM and EIS data, and therefore the determination of
consolidated values of the mean thickness for the passive films formed
on both conventional and LBM 17-4PH MSSs. The results were helpful in
understanding the pitting behaviour of the 17-4PH MSSs. Indeed, the
lower value for the mean thickness of the passive films on the conven-
tional samples could be related to the less noble pitting potentials
measured for those samples [23], even though, as expected, global EIS
measurements do not give any direct data concerning local heteroge-
neities in the passive film, i.e. at NbCs, acting as preferential pit initia-
tion sites [24], but provide only mean properties of this oxide film in a
plane parallel to the sample surface.

Furthermore, the higher resistivity values at the oxide-electrolyte
interface for the LBM samples could also contribute to justify the bet-
ter resistance to pitting corrosion of those samples as compared to
conventional samples. Finally, Macdonald et al. predicted, by using their
point defect model, that solute/vacancy complexing was dependent on
the dielectric constant of the passive film, with strongest complexing
associated with lowest € values [45]. This also meant that the passive
films characterized by the lowest ¢ values were the most resistant to
pitting corrosion, in agreement with the nobler pitting potential
measured for LBM samples [23].

5. Conclusions
The main results obtained in the present study are the following:

- The passive films formed on both conventional and LBM 17-4PH
MSSs could be described as dielectric layers, with an exponential
variation of resistivity which was well-described by the Young
model.

- Whatever the hypothesis used to make the regression of impedance

data, impedance measurements showed higher capacitance values

for the passive films formed on the conventional samples, as
compared to LBM samples. Such values were related to thinner
passive films on the conventional 17-4PH MSS as compared to the

LBM MSS, in good agreement with previous XPS and global TEM

analyses. Therefore, the EIS analysis of the passive films strength-

ened the previous XPS and TEM analyses. This corresponded to a

global approach of the passive film thickness, i.e. to the determina-

tion of the mean thickness of the passive films.

The lower value of the mean passive film thickness for the conven-

tional MSS was assumed to be due, at least partially, to the lower

amount of austenite in the conventional MSS associated with a

globally higher Cr content in the passive film. It was also explained

by more numerous and larger NbCs, considering that additional TEM
investigations performed at a local scale highlighted a thinner pas-
sive film on NbCs as compared to the matrix.

- Differences in the resistivity profiles plotted for LBM and conven-
tional samples were observed. The passive film formed on the LBM
samples was characterized by higher resistivity values at the oxide-
electrolyte interface, which should also contribute to explain its
better pitting corrosion resistance.

The regression of the impedance data, by using the TEM values of
passive film thickness, allowed calculation of the dielectric constant
(e) values characteristic of the passive films. The lower & value ob-
tained for the LBM sample might suggest also a better pitting
corrosion resistance.

Finally, results showed that impedance measurements contributed to
explain the lower resistance to pitting corrosion of the conventional 17-
4PH MSS as compared to the LBM MSS.
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