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Abstract: 
In this work, a comparative electrochemical impedance spectroscopy (EIS) study of the native 
oxide layer of selective laser melted and wrought 316L stainless steel is conducted. A careful 
examination of the data is carried out in order to properly identify the appropriate model to fit the 
EIS response. From the parameters calculated by fitting the EIS data and a complementary XPS 
analysis, the electrical and dielectric characteristics of the passive oxide layers of the specimens 
were obtained. Clear differences were noticed between the two materials, which could definitely 
contribute to the overall understanding of the corrosion behavior of these materials. 
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Introduction 
Austenitic stainless steels (SS) are widely known for their numerous industrial applications. Due 
to their relatively high chromium content, which enables the formation of a Cr2O3–based passive 
layer, austenitic stainless steels present a good corrosion resistance [1,2]. However, despite their 
name, stainless steels can still be susceptible to pitting corrosion in highly corrosive media [3]. 
Their corrosion resistance is highly dependent on the phases present, which are related to the 
specific alloying elements added. After the 304 SS (Fe-Cr-Ni), the second most used austenitic 
steel is the 316 SS (Fe-Cr-Ni-Mo). Their main difference consists of an addition of Mo (2 – 3 %) 
to the 316 SS. This Mo added is known to increase their resistance against corrosion [4–7]. 316L 
grade is the low carbon version of the 316 stainless steel. 
Austenitic SS are usually prepared by casting or in wrought form. However, in recent years, metal 
additive manufacturing (MAM) has arisen as a very promising technique to manufacture dense 
and geometrically complex SS components [8,9]. Among the various MAM processes, selective 
laser melting (SLM) is one of the most used techniques. During SLM, a laser source selectively 
scans and melts over a metal powder bed, building complex parts in a layer–by–layer fashion [8-
13]. The special conditions associated with the MAM processes (e.g. extremely fast cooling rates) 
promote the formation of very fine microstructure and distribution of alloying elements [8-13]. 
The microstructure of additive manufactured (AM) 316L SS is characterized by very fine 
interconnected cellular or columnar sub-grains (with a size between 0.5 µm and 1 µm) that are 
confined within larger single-crystal grains with size in the range of 10 – 100 µm [14-19]. Previous 
works have found that the sub-grain boundaries are enriched with Mo [14-17,20,21], and some of 
those works reported not only an enrichment of Mo but also of Cr at the borders of the sub-grains 
[16,17,21]. Furthermore, austenite has been the main crystalline phase found in AM 316L SS [15]. 
However, small traces of δ-ferrite have also been reported in previous studies [14,16]. 
The unique manufacturing conditions from MAM are known to greatly influence not only the 
microstructure but also the corrosion behavior of 316L SS. Several works have been dedicated to 
this topic in recent years [16-20,22-28]. Nevertheless, the results are somewhat inconclusive. A 
table summarizing the most relevant studies carried out to date concerning the corrosion behavior 
of AM 316L SS compared with conventionally manufactured specimens can be seen in the 
appendix. A number of works have reported an increased pitting resistance for SLM 316L 
specimens compared to as-cast [22] and wrought samples [17-19,23-25]. All of these studies 
reported similar values of corrosion potential for SLM and classically manufactured 316L SS, 
however, a much wider passive window was always found for the SLM 316L samples compared 
to the as-cast/wrought specimens [17-19,22-25]. On the other hand, other researchers have 
reported a poorer corrosion resistance and increased corrosion current densities for SLM 316L 
samples compared to wrought material [26,27]. Moreover, 316L SS samples fabricated using other 
MAM processes have been shown to exhibit lower resistance against corrosion than that of 
wrought 316L SS [16,20,28]. In all those cases, the reduced corrosion resistance was explained to 
be the result of the existence of heterogeneities, small amounts of δ-ferrite, and micro-segregation 
effects inherent from the MAM processes. Nevertheless, it is important to notice that the anodic 
polarization data shown in some of the studies claiming inferior corrosion resistance for AM 316L 
SS compared to wrought 316L SS [20,27] do not look like typical polarization responses, being 



possibly influenced by crevice corrosion. Additionally, in other cases the low corrosion resistance 
of the AM 316L specimens could have been the result of a remarkably high level of porosity [26]. 
Concerning the works reporting a superior corrosion resistance of SLM 316L samples compared 
to wrought material, two main ideas have been proposed/used to explain this observation. Q. Chao 
et al. [23] concluded that the high solidification rates inherent to additive manufacturing avoided 
MnS formation and an associated Cr-depletion zone, which minimizes initiation sites for localized 
corrosion. S.H. Sun et al. [24] and G. Sander et al [25] also suggested (with no direct proof) that 
the SLM process may impact the formation of inclusions, in a way that the inclusions are either 
annihilated or are too small to promote pit initiation in SLM 316L. Alternatively, other researchers 
suggested that the higher corrosion resistance exhibited by SLM 316L SS samples compared to 
the wrought material is the result of better barrier properties of the native oxide film [17-19]. 
Nevertheless, they all concluded that the thickness and the composition of the oxide film on SLM 
316L specimens are very similar to that of the oxide on wrought SS [17-19]. Therefore, a more 
detailed and in-depth characterization of the native oxide layer formed on SLM and wrought 316L 
SS could definitely contribute to the overall understanding of the corrosion behavior of these 
materials. 
Electrochemical impedance spectroscopy (EIS) has been extensively used for the characterization 
of oxide layers on the surface of metals and alloys [29-36]. The main purpose of EIS in those cases 
is to determine the oxide film capacitance, which is subsequently used to estimate the thickness 
and/or dielectric properties of the insulating layer. Through an EIS analysis, the barrier properties 
of the insulating layer can be assessed. Nevertheless, a reliable characterization of the native oxide 
film properties by EIS relies on a correct choice of the equivalent electrical circuit (EEC) used to 
fit the experimental data. M.J.K. Lodhi et al. [18,19] used EIS as a complementary technique to 
demonstrate the better barrier characteristics of the SLM 316L SS relative to the wrought material. 
Besides the ohmic resistance associated with the electrolyte, their EEC consisted of a constant-
phase element (CPE) and a parallel resistance. They used the values of the parallel resistance and 
the CPE parameter (Q) to evaluate the barrier properties of the native oxide layer. However, as 
reported by M.E. Orazem et al. [29], the parameter Q does not represent the true capacitance of 
the oxide layer, and the parallel resistance may be attributed not only to reactions taking place at 
the electrolyte/metal interface, but also to interconnecting conductive phases within the solid 
matrix. 
In this work, a comparative EIS study of the native oxide layer of SLM and wrought 316L is 
conducted. A careful examination of the data is carried out in order to properly identify the 
appropriate model from which the properties of the oxide film can be acquired. An XPS analysis 
was also conducted. From the results of the XPS study and the parameters calculated by fitting the 
EIS response, the electrical and dielectric characteristics of the passive oxide layers of the 
specimens was obtained. Clear differences were noticed between the two materials. 
 
Experimental section 
 
Samples 
The SLM 316L specimens were prepared using a Concept Laser M2 Cusing machine, equipped 
with a 400 W laser in an argon atmosphere with resulting oxygen content of < 0.2 %. The chemical 



composition of the commercial 316L stainless steel powder used for the production of the samples 
is shown in Table 1. Rectangular cuboids with the size of 30.5×20.5×7 mm were produced with 
the major surface parallel (SLM-XY samples) and perpendicular (SLM-XZ samples) to the 
building platform. A laser power of 180 W, 600 mm/s scanning speed, 25 µm layer thickness, 30% 
hatch distance, and a spot diameter of 120 µm were used for the fabrication of the samples, 
resulting in a laser energy density of 300 J/mm3. The same scanning strategy as the one described 
in reference [17] was used for the fabrication of the samples. No post heat treatment was applied 
on the SLM specimens. Additionally, a commercial wrought 316L SS with approximately the same 
chemical composition was used as a comparison. The chemical composition of the samples is the 
same as that shown in reference [17]. All the samples were mechanically ground and polished to 
a 1 µm surface finishing. 
 
Experimental techniques 
The optical characterization of the samples was conducted using a Leitz Metallovert optical 
microscope. Morphology and microstructure characterization was carried out by means of 
scanning electron microscopy. An FE–SEM JEOL JSM–7100F with 15 kV acceleration voltage, 
5 nA probe current, and a working distance of 10 mm was used. To highlight the microstructural 
features, the samples were etched in Vilella’s reagent (5 ml HCl, 1 g picric acid, and 100 ml 95% 
ethanol). 
The XPS measurements were conducted using a PHI-5600ci XPS spectrometer (Physical 
Electronics) with the hemispherical analyzer detector at 90˚ with respect to the surface of the 
sample. A diameter aperture of 800 µm was used. The X-ray source was operating at 100 W with 
a bias voltage of 14.5 kV. 
Potentiodynamic polarization experiments were carried out using an Elektroniklabor Peter 
Schrems Potentiostat with a current resolution in the order of 10 fA. A three–electrode cell 
configuration consisting of the sample as working electrode, a Pt counter electrode, and an 
Ag/AgCl (3 M KCl) reference electrode was used. The measurements were carried out in an Avesta 
cell to avoid crevice corrosion during potentiodynamic polarization. The electrolyte used was a 
3.5 wt% NaCl solution at room temperature. The potentiodynamic test was conducted 15 min after 
immersion in the electrolyte in order to wait for the system to stabilize. The scans were performed 
in the anodic direction at a rate of 0.2 mV/s. For each sample, at least 3 potentiodynamic 
polarization curves were obtained. 
Electrochemical impedance spectroscopy (EIS) was performed in 3.5 wt% NaCl using a Bio-Logic 
VMP3 potentiostat. The frequency range applied was 200 kHz to 10 mHz and the signal amplitude 
used was Vrms = 15 mV. 10 measurement points were obtained per frequency decade. The 
experimental EIS setup was placed in a Faraday cage in order to reduce the influence of external 
noises. The EIS measurements were conducted after 1 h of immersion in the electrolyte. Two to 
three consecutive EIS measurements were executed in order to confirm the stability of the system. 
A three–electrode cell configuration consisting of the sample as working electrode, a platinum 
counter electrode, and a saturated Ag/AgCl (210 ± 15 mV vs SHE) reference electrode was used 
for the experiments. A circular section with a diameter of 1 cm was the area of the samples exposed 
to the electrolyte during the measurements. Each measurement was repeated from 3 to 6 times for 
each sample. 



 
Results and discussion 
 
Initial microstructure characterization 
Figure 1 presents optical images of the etched surface of the wrought and the SLM 316L SS 
samples. As can be seen in Figure 1a, the wrought sample exhibits typical polygonal shape coarse 
austenitic grains. On the other hand, in the optical images of the SLM specimens (Figure 1b and 
1c), the laser tracks from the MAM process can be easily distinguished. On the surface parallel to 
the building platform (XY) overlapping elongated tracks can be seen (see Figure 1b), while a scale-
like pattern can be identified on the surface perpendicular (XZ) to the building platform (see Figure 
1c). The borders of the melt pools are easily recognized after metallographic etching. 
At the micro-scale, a dense network of sub-grains with an etch-resistant border can be seen on the 
surface of the SLM samples with the use of scanning electron microscopy (see inset in Figure 1c). 
These cells have a width of around 1 µm. Large colonies of round and elongated cells coexisting 
on the surfaces of the SLM 316L specimens can be easily seen regardless of the plane analyzed. 
The same microstructure has been described elsewhere [14-19]. Hence, the number of images 
showing this microstructure was limited. 
Moreover, the porosity of the SLM samples was found to be very low and with a small pore size. 
As in reference [17] (in which the same SLM parameters were used), the porosity of the SLM 
specimens was in the order of 0.1% – 0.2%. Therefore, the electrochemical behavior is not affected 
by the porosity in these samples [25]. Additionally, no inclusions could be detected in the SLM 
specimens. This has also been reported by other researchers [15,17,23,25,27]. 
 
Native oxide layer characterization by XPS 
From the XPS analysis, Fe, Cr, Ni, and Mo were identified. XPS survey spectra of the wrought 
and SLM 316L SS samples are shown in Figure 2. As can be seen in the figure, the XPS spectra 
of the polished samples were almost identical, which demonstrate no change in the surface 
chemistry of the specimens. Only the spectrum taken in one of the surfaces of the SLM sample is 
shown since they were all very similar. Both oxidized and metallic states of Fe and Cr could be 
detected. As shown in other works, due to the high content of Cr in this type of alloy, the thickness 
of the native oxide layer (d) can be estimated considering the intensity of the Cr peaks originating 
from the oxide and metal substrate [37]. Other researchers have used Equation (1) to calculate the 
passive film thickness [37]. 
𝑑 = 𝜆 lnൣ1 + 𝐼஼௥,௢௫/𝐼஼௥,௠௘௧൧                                                                                                          (1) 
Where λ is the medium free path length for photoelectrons from Cr, for which a value of 1.7 nm is 
commonly used [37]. ICr,ox and ICr,met are the oxide and metal contribution of the Cr peaks 
respectively. To calculate the thicknesses using Equation (1) only the Cr2p3/2 component was fit 
due to the known overlap of a satellite feature of the Cr2p3/2 peak on the Cr2p1/2 component in 
Cr(III) oxide [38,39]. The deconvolution of the Cr2p3/2 component was carried out using a 
multiplet for the oxide contribution and an asymmetric peak for the metal contribution. Figure 3a 
shows high-resolution XPS spectra of the Cr2p region for the wrought and SLM 316L SS samples. 
There is an almost complete overlap between the spectra. The same was seen for all the other 
elements, which further confirms no compositional difference between the native oxide layer of 



the wrought and that of the SLM sample. As a reference, the high-resolution spectra of the O1s 
region for the wrought and SLM samples is also shown in Figure 3b. A main contribution from 
the metal oxides can be clearly seen at around 530 eV, while an additional contribution can be 
seen at around 531.5 eV. This second contribution could be due to the presence of metal 
hydroxides, which can also slightly overlap with organic contamination (C=O can be usually seen 
in the region 531.5 – 532 eV). Nevertheless, it is important to notice that there is an almost 
complete overlap between both spectra, which demonstrates that the composition of these native 
oxides is the same. 
The calculated thickness of the passive oxide layer of the wrought, the SLM_XY, and the 
SLM_XZ surface was 3.9, 3.8, and 4 nm respectively. These values are in agreement with 
thicknesses obtained in previous works [29,37,40]. As can be noted, all the samples present 
approximately the same value of passive oxide layer thickness. This is in accordance with what 
was suggested by F. Andreatta et al. from the characterization carried out using GDOES [17]. 
 
Potentiodynamic polarization curves 
Figure 4 shows potentiodynamic polarization curves for wrought and SLM 316L SS. Since the 
same behavior was obtained for the XY and the XZ surface of the SLM sample, only one curve is 
used for the SLM material. The corrosion potential of wrought and SLM specimens was very 
similar. This value ranged from -0.1 to -0.2 V vs Ag/AgCl (3M KCl) for both samples. This is in 
agreement with results presented in a previous study [17]. However, slightly lower passivity 
currents and a much wider passive window can be easily identified for the SLM 316L sample 
compared to the wrought specimen, indicating an increased pitting resistance for SLM 316L in 
comparison with the wrought material. This is perfectly in line with previous works [17-19,23-
25]. The enlarged passivity of the SLM specimen compared to the wrought sample could be the 
result of a more stable native oxide film.   
 
EIS results 
In order to gain insights regarding the barrier properties of the native oxide layer of the specimens, 
EIS measurements were conducted. The typical Bode plots obtained from the different samples 
are shown in Figure 5. The electrochemical impedance measured at relatively high frequencies 
(from 104 to 105 Hz in this case – see Figure 5a) is generally related to the resistance of the 
electrolyte [41], which, as can be seen in Figure 5a, remains constant during the measurements. In 
the middle range and low frequencies (from 103 to 10-2 Hz – see Figure 5a and 5b) a clear capacitive 
behavior can be observed from the Bode diagram. This is associated with the native oxide layer 
on the surface of the specimens. Additionally, a single time constant, related also to the oxide 
layer, can be identified from the phase angle (Figure 5b). The phase angle for all samples mostly 
overlaps. However, a slight difference can still be noticed between the SLM specimens and the 
wrought material, especially in the impedance modulus. The middle range and low frequency 
signal of the wrought sample was consistently slightly lower than the impedance signal of the SLM 
materials. On the other hand, the impedance signal of the SLM samples was approximately the 
same independently of the surface analyzed (XY or XZ). More details can be seen in Figure 5c, 
which shows a zoom of the impedance plot in the frequency range from 1 to 10-2 Hz. Additionally, 
the average values of the impedance measured at the lowest frequency (10-2 Hz) are plotted in 



Figure 6. Even though, a relatively large standard deviation was obtained for the XZ surface of the 
SLM material, a slight shift towards higher impedance values is seen for the SLM samples 
compared to the wrought specimen. The impedance value at the lowest frequency provides an 
indication of the barrier properties of the oxide layer. This is in good agreement with the anodic 
polarization experiments, in which slightly lower passivity currents and a much wider passive 
region were observed for the SLM specimen compared to the wrought material (see Figure 4). 
 
Fitting and analysis of the EIS response 
To determine the oxide film capacitance from the EIS data, several equivalent electrical circuits 
(EEC) have been employed in literature [29-34]. The main EECs used are shown in Figure 7. In 
the circuit represented in Figure 7a the oxide layer is considered as a capacitor, while in the circuits 
of Figure 7b and 7c a CPE and a Young element (ZY) are considered respectively. In this work, all 
the EIS data obtained were fitted using the three equivalent electrical circuits represented in Figure 
7. The origin of a CPE has been attributed to the distribution of time constants along or normal to 
the electrode surface. In the case of a distribution along the electrode surface, the model developed 
by Brug et al. [42] can satisfactorily describe the impedance response. On the other hand, several 
models have been proposed to characterize the impedance associated with the distribution of time 
constants normal to the electrode surface [29]. Two particular models describing resistivity 
distributions normal to the electrode surface are the power-law model [43,44] and the Young 
model [30,45,46]. The power-law model delineates a power-law distribution of resistivity within 
the oxide layer, and correlates CPE parameters with film properties. On the other hand, the Young 
model assumes an exponential variation of resistivity through the oxide layer. 
In order to identify the normal resistivity distribution that best describes the oxide layer of our 
samples, the methodology presented by Y.M. Chen et al. [47] was employed. This method is based 
on the Voigt fitting model. In this approach, dimensionless resistivity (ρ/ρδ) is plotted as a function 
of dimensionless position (ξ). If the sample is characterized by a power-law distribution of 
resistivity, a linear relationship should be found in a log-log scale. On the other hand, if the sample 
is characterized by an exponential variation of resistivity (distinctive of the Young model) a linear 
relationship can be found in a semi-logarithmic scale. All the EIS data measured in this study were 
analyzed using this methodology. No linear relation was found between resistivity and position in 
a log-log representation. However, a linear behavior was observed for the data plotted in a semi-
logarithmic scale. This can be clearly seen in Figure 8, in which an example from EIS data obtained 
in the SLM_XY specimen is shown. Therefore, the Young model was assumed to be the best 
model describing the EIS data, and hence the main model considered in this work. Nevertheless, 
the EECs represented in Figure 7a and 7b were also used for comparison purposes. 
Equations (2) and (3) represent the impedance of a CPE and a Young element respectively. 

𝑍஼௉ா =
ଵ

ொ(௝ఠ)ഀ                                                                                                                                (2) 

𝑍௒ =
௣

௝ఠ஼ೊ
𝑙𝑛 ቂ

ଵା௝ఠఛ∙ୣ୶୮ ൫௣షభ൯

ଵା௝ఠఛ
ቃ                                                                                                        (3) 

Where j is the imaginary unit (j2 = –1) and ω the angular frequency. Q and α (0 ≤ α ≤ 1) are the 
parameters associated with the CPE, while p (relative penetration depth), τ (time constant), and CY 
(oxide film capacitance) are the parameters of the Young element. 



In general, a good fitting of the experimental data was achieved by using a CPE or a Young element 
to describe the native oxide layer. By using a capacitor (EEC represented in Figure 7a), relatively 
larger errors were obtained. Figure 9 shows an example of a fitted electrochemical impedance data 
using a Young element. In such a case, a maximum residual of 6 % was obtained for the impedance 
modulus, while by using a CPE, residuals up to 9.2 % were acquired. This demonstrate a better 
fitting of the data using a Young element (EEC shown in Figure 7c) than using a CPE (EEC shown 
in Figure 7b). 
As mentioned above, from each sample type, 3 to 6 EIS signals were fitted. Per model used, an 
average value of each parameter is then calculated for every type of sample. Table 2 shows the 
average values and standard deviation of the different parameters obtained per sample type from 
the fitting of the data using the EECs shown in Figure 7. 
By using the Young model, the capacitance of the film is directly obtained through parameter CY. 
The average value of this parameter per sample is represented in Figure 10a. Very similar values 
for the capacitance of the oxide layer of the XY and the XZ surface of the additive manufactured 
sample are obtained. However, a clear difference can be observed between the capacitance of the 
oxide layer of the SLM specimen and the wrought sample. The capacitance of the wrought sample 
is about 1.8 times higher than that of the SLM sample. The capacitance is related to the thickness 
(d) and the dielectric constant (ε) through the expression: 

𝐶 =
ఌఌబ஺

ௗ
                                                                                                                                         (4) 

Where ε0 is the permittivity of vacuum (ε0 = 8.8542E–14 F/cm) and A is the surface area. 
By using the thickness of the oxide films calculated by XPS (see section above), and assuming 
that the active surface area for all the samples is equal to the geometric area exposed (0.7854 cm2), 
the dielectric constant of the native oxide layers can be calculated. Figure 10b portrays the values 
of ε obtained for each specimen (45.7, 25, and 27 for the wrought, the SLM-XY, and the SLM-XZ 
sample respectively). The values of dielectric constant obtained for the SLM samples are close 
(only slightly higher) to those used in previous studies for the same material (from 12 to 25) [29,48-
51]. However, the value obtained for the wrought sample differs from those often used in literature. 
The relatively high values of dielectric constant calculated in this work could also be due to an 
overestimation of the oxide film thickness caused by the presence of a contamination overlayer. 
Nevertheless, the almost complete overlap between the XPS spectra (see Figures 2 and 3) 
demonstrates that this contamination layer would have a similar contribution for all the samples. 
Additionally, a notable difference is observed between the wrought and the SLM material. 
Moreover, the value of the magnitude d/ε for each sample is represented in Figure 10c. Several 
studies have proposed d/ε as a measure of the effective dielectric thickness for thin layers (d < 50 
nm) [52,53]. 
In order to verify the difference obtained between the dielectric constant of the wrought sample 
and the SLM specimen, the methodology described by Revilla et al. [54] was conducted. This 
procedure employs force spectroscopy mode of atomic force microscopy (AFM). By using this 
method, the relation between the dielectric susceptibilities (χ = ε – 1) of the samples could be 
estimated at different AFM probe-sample separations. Even though this method is mostly 
applicable to thicker oxide layers with relatively low values of dielectric constant (ε < 10), it could 
give an indication of the relation between the two materials. Not much details concerning the 
calculations done with this methodology are given in this work since it is not the main focus of 



this study. This approach has been well described in previous works [54,55]. The result obtained 
is shown in Figure 11. The value of the ratio between the dielectric susceptibilities of the samples 
obtained at the highest count frequency is around 1.36. This value differs lightly from that 
calculated using the dielectric constants obtained in this work by EIS (~ 1.8). However, the reason 
for this difference could be due to the fact that the thickness and dielectric constant of these native 
oxide layers are outside of the ideal applicability range of this methodology. Nevertheless, these 
results indicate that the dielectric permittivity of the native oxide layer of the wrought sample seem 
to be higher than that of the SLM specimen, which corresponds with what was obtained using the 
EIS results. 
In general, the clear differences observed in the capacitance and dielectric properties between the 
wrought sample and the SLM specimen could be the result of structural and/or compositional 
differences in their native oxide layer. As suggested by other researchers [23,25], the high 
solidification rates inherent to the additive manufacturing process could have an impact on the size 
and density of the inclusions formed in the material. Consequently, this could affect the structure 
of the formed native oxide. Moreover, clear differences in the microstructure of the wrought and 
SLM specimens were observed. The SLM samples presented a cellular structure with thin and 
etch-resistant intercellular walls that form a three-dimensional network. As shown by other 
researchers, this etch-resistant network exhibit slightly different chemical composition compared 
to the material within the cells [14-17,20,21]. The walls of the cells seem to present a slightly 
higher amount of Mo (and possibly also Cr) [14-17,20,21]. As demonstrated by Pardo et al. [6], 
Mo added to 304 and 316 SS can modify the passive film rendering it more stable against 
breakdown caused by the attack of aggressive Cl− ions. Therefore, the unique microstructure 
resulting from the special conditions of the SLM process could influence the structure of the native 
oxide layer. Additionally, in general, other factors such as density of grain boundaries and number 
of defects, could also affect the barrier properties of the oxide film.  
In Table 2 can also be noted that, despite the high standard deviation, the average value of the 
parallel resistance (Rp) calculated for the SLM samples was always higher than that of the wrought 
material. Figure 12 shows the box plots of the parallel resistance obtained using the EEC 
represented in Figure 7c (Young model) for the wrought and the SLM 316L specimens. This 
parallel resistance can be attributed to reactions taking place at the electrolyte/metal interface, or 
to interconnecting conductive phases within the solid matrix. If Rp is associated with the 
polarization resistance of the samples, this would indicate better barrier properties for the SLM 
specimen in relation with the wrought sample. This agrees with the slightly lower passivity current 
observed for the SLM sample compared to the wrought material in the anodic polarization 
experiments. 
Moreover, a closer look at the parameters obtained by using the Young model reveals that the 
relative penetration depth (p) was almost the same for all the samples (see Table 2). This parameter 
is only related to a characteristic length () and the thickness of the oxide layer (p = /d [30]). 
Therefore, this is in agreement with the XPS results and confirms that the oxide thickness is 
approximately the same for all the samples. On the other hand, the calculated time constant (τ) of 
the wrought sample and the SLM specimen differed 3 orders of magnitude (~ 10–7 for the wrought 
specimen, and ~ 10–10 for the SLM samples). τ is directly proportional to the dielectric constant of 
the passive layer and inversely proportional to the oxide conductivity at the metal/oxide interface 



(0), (τ = εε0/0 [30]). Therefore, not only is the dielectric constant different, but the conductivity 
of the oxide layers at the metal/oxide interface for the wrought and the SLM sample differ by 2 to 
3 orders of magnitude. By using the values of the characteristic length (δ) and the conductivity at 
the metal/oxide interface (0) from the fitting of the Young model, the conductivity profiles of the 
oxide films can be obtained. Figure 13a represents the mean conductivity profiles obtained for the 
wrought and the SLM samples in a semi-logarithmic scale. A large divergence can be seen at the 
interface between the oxide layer and the metal matrix. However, the conductivity profiles tend to 
converge at the surface of the oxide layer. It is important to notice that there is a significant 
difference between the scale of the y-axis of Figure 13b and that of Figure 13c. These distinct 
differences in the conductivity profiles could be the result of structural differences between the 
passive films of the wrought and the SLM material, especially at the metal/oxide interface.  
The higher values of the conductivity at the metal/oxide interface for the SLM specimen compared 
to the wrought sample can be associated with a lower electrical resistivity. This might seem 
contradicting the fact that SLM specimens presented slightly higher values of Rp (see Figure 12) 
and a higher resistance against corrosion. However, establishing a direct link between the electrical 
resistivity of the native oxide layer and charge transfer processes is not a straightforward issue. 
The charge transfer resistance is related to a kinetically-controlled electrochemical reaction. In the 
case of a metal substrate in contact with an electrolyte, the metal molecules can electrolytically 
dissolve into the electrolyte (see Equation 5). 

𝑀 ↔ 𝑀௡ା + 𝑛𝑒ି                                                                                                                          (5) 

During the charge transfer, not only electrons enter the metal, but also metal ions diffuse into the 
electrolyte. The speed at which this charge transfer reaction occurs depends on the kind of reaction, 
the temperature, the concentration of the reaction products, and the potential. However, the 
electrical resistivity of the native oxide film depends mainly, besides the temperature, on the metal 
itself and the molecular structure of this oxide. The electrical resistivity of the native oxide is 
independent of the kind of reaction taking place at the metal-electrolyte interface. Therefore, even 
though a lower electrical resistivity at the metal/oxide interface was calculated for the SLM 316L 
samples compared with the wrought specimen, this does not mean that the SLM samples would 
present a lower charge transfer resistance. 
As demonstrated by XPS, the thickness and chemical composition of the oxide layer is almost the 
same for wrought and SLM material. Therefore, the passivity breakdown in this case could be 
associated with the existence of defects in the passive oxide layer or with structural differences in 
the oxide film, influencing its protective behavior. The high solidification rates intrinsic of MAM 
seem to affect the microstructure and distribution of alloying elements in this material. This is 
clearly seen in the fine, Mo- and Cr-rich, etch-resistant, and three-dimensional network formed in 
the SLM specimens (see inset of Figure 1c) [14-17,20,21]. This fine and unique distribution of 
alloying elements could influence the structure and stability of the native oxide layer, and 
consequently the corrosion behavior of this material. A more detailed and high resolution 
characterization of the native oxide film of SLM and wrought 316L SS could definitely contribute 
to a better understanding of the effect of microstructure on the naturally formed passive layer on 
the surface of these materials. 



Ultimately, the authors highly recommend the use of EIS in experimental setups in which AM 
316L SS has shown poorer corrosion performance than its wrought counterpart. The EIS response 
could help to identify the nature of each phenomenon taking place at the surface of the material, 
since each of them is characterized by a specific time constant. For instance, the role of porosity 
for highly porous specimens in a corrosive medium might be distinguishable in EIS spectra. This 
could, therefore, assist in defining the role that each factor plays in the corrosion process. In this 
work, a single time constant was identified for all the samples (see Figure 5b), which was 
associated with the effect of the native oxide layer. Therefore, other factors such as for instance 
porosity, do not seem to play a major role in the corrosion process. 
 
Conclusions 
1) SLM 316L stainless steel presented similar corrosion potential as that of the wrought specimen 

in 3.5 wt% NaCl. However, a much higher pitting resistance characterized the SLM samples 
compared to the wrought material. 

2) From the XPS analysis was concluded that there is almost no difference in the thickness and 
surface chemistry of the native oxide film of the wrought and SLM 316L stainless steel.  

3) Electrochemical impedance spectroscopy showed to be a very sensitive and powerful tool to 
characterize the native oxide layer of the SLM and wrought 316L stainless steel samples. The 
EIS analysis revealed that: 
 No difference was found in the electrochemical response of the two different planes of the 

SLM specimens (XY and XZ). 
 The Young impedance proved to be the most appropriate model to fit the electrochemical 

response associated with the native oxide layer of the materials analyzed, which assumes 
an exponential variation of resistivity through the oxide layer. 

 The native oxide of the SLM 316L stainless steel has slightly better barrier properties than 
that of its wrought counterpart. 

 The capacitance of the passive layer of the wrought sample was consistently higher than 
that of the SLM specimen (~ 1.8 times higher). Therefore, because the oxide film thickness 
was approximately the same for all the samples (as calculated by XPS), the dielectric 
constant of the oxide layer of the wrought material was higher than the dielectric constant 
of the oxide film of the SLM 316L sample (~ 1.8 times higher). 

 The conductivity of the native oxide layer of the wrought sample at the metal/oxide 
interface was around 3 orders of magnitude smaller than that of the SLM 316L specimen. 
Marked differences were observed in the conductivity profile of the oxide film of the 
wrought and SLM samples.  

The great differences found in the dielectric properties and conductivity profile of the oxide 
layer of the samples suggested the existence of structural differences between the passive films 
of the wrought and the SLM 316L SS. 

 
Data availability 
The raw/processed data required to reproduce these findings cannot be shared at this time as the 
data also forms part of an ongoing study. 
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Figures 

 
Figure 1. Optical images of the etched surface of the wrought (a), SLM-XY (b), and SLM-XZ 
316L specimens. The inset in (c) represents a higher magnification secondary electron microscopy 
image of the SLM samples.  

 
Figure 2. XPS survey spectra of the wrought and SLM 316L SS samples. 
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Figure 3. High-resolution XPS spectra of the (a) Cr2p and (b) O1s region for the wrought and 
SLM 316L SS samples. 

 
Figure 4. Potentiodynamic polarization curves of wrought and SLM 316L SS specimens in 3.5 
wt% NaCl. 
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Figure 5. Representative Bode plots from the EIS measurements conducted in 3.5 % NaCl solution 
after 1 h of immersion. (a) Impedance modulus and (b) Phase angle. (c) Zoom of the impedance 
plot in the frequency range from 1 to 10-2 Hz. The data is represented with lines instead of dots in 
order to better see the difference between the SLM sample and the wrought material.  

 
Figure 6. Average impedance measured at the lowest frequency (10-2 Hz). 
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Figure 7. Equivalent electrical circuits used to model impedance data in the case of native oxide 
layers on the surface of metals and alloys using a capacitor (a), a constant phase element (CPE) 
(b), and a Young impedance (ZY) (c). Rs represents the electrolyte resistance and Rp a parallel 
resistance. 

 
Figure 8. Dimensionless resistivity (ρ/ρδ) as a function of dimensionless position (ξ). ρ and ξ are 
the resistivity and the relative position respectively calculated from the parameters obtained from 
the Voigt model [47]. ρδ is the boundary value of resistivity at the film-electrolyte interface. The 
solid line represents the linear fitting of the data in a semi-logarithmic scale. This curve was 
constructed with EIS response obtained in the SLM_XY specimen as an example. The same 
behavior was obtained for all the data measured in all the specimens. 
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Figure 9. Example of a fitted electrochemical impedance data using a Young element (Figure 
7c). The EIS signal of the SLM-XY specimen was taken as an example. The blue line represents 
the residuals obtained from the fitting using the Young model while the discontinuous lines are 
the residuals using a capacitor and a CPE for comparison. 
 

 
Figure 10. (a) Average values of the capacitance of the native oxide film calculated using the 
Young model. (b)  Dielectric constant of the passive layer calculated using the average values of 
capacitance. (c) Effective dielectric thickness of the oxide layer (d/ε).  
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Figure 11. Values of the ratio between the dielectric susceptibilities of the samples obtained 
using the approach described in ref. [54]. 

 
Figure 12. Box plots of the parallel resistance obtained using the Young model for the wrought 
and the SLM 316L specimens. 
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Figure 13. (a) Mean conductivity profile for the wrought and the SLM 316L specimens in a 
semi-logarithmic scale calculated from the regressed values of the characteristic length (δ) and 
the conductivity at the metal/oxide interface (0) obtained from the fitting using the Young 
model. (b) and (c) represent respectively the conductivity profiles of the oxide films on the 
surface of the wrought and the SLM 316L samples for the first nm. The grey area is delimited by 
the highest and the lowest curve obtained. 
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Tables 
Table 1. Chemical composition (wt%) of the 316L stainless steel powder.  

Cr Ni Mo Mn Si S C p Fe 
17.7 12.6 2.4 1.1 0.6 0.004 0.025 <0.045 Balance 

 
Table 2. Average values and relative standard deviation of the different parameters obtained per 
sample type from the fitting of the data using different EECs. Rs and Rp have units of Ω; C and 
CY have units of F; Q has units of F/s(1–α); and τ is in s. p and α are dimensionless quantities. 
  Wrought AM-XY AM-XZ 

 

Rs 19.31 (3.74%) 19.07 (1.7%) 18.79 (2.84%) 
C 1.48E-05 (3.56%) 1E-05 (2.52%) 1.12E-05 (5.78%) 

Rp 1.02E+06 (22.2%) 1.63E+06 (3.96%) 1.23E+06 (57.2%) 

 

Rs 18.65 (2.08%) 18.73 (1.08%) 18.62 (2.38%) 
Q 1.85E-05 (4.14%) 1.28E-05 (4.89%) 1.57E-05 (1.12%) 
α 0.9292 (0.81%) 0.9282 (0.65%) 0.9202 (1.7%) 

Rp 1.77E+06 (41.3%) 2.9E+06 (12.5%) 2.14E+06 (61.6%) 

 

Rs 18.77 (1.97%) 19.06 (0.05%) 18.94 (1.12%) 

CY 8.15E-6 (4.34%) 4.53E-6 (1.1%) 4.68E-6 (11.5%) 

p 0.0367 (2.42%) 0.0305 (0.56%) 0.0312 (6.53%) 
τ 2.91E-7 (55.1%) 5.92E-10 (0.72%) 2.55E-10 (29.6%) 

Rp 2.26E+6 (48.1%) 4.13E+6 (14%) 3.89E+6 (66.3%) 
 
  



Appendix: Table summarizing the most relevant studies carried out to date concerning the 
corrosion behavior of additive manufactured 316L stainless steel compared with conventionally 
manufactured specimens. In the table is specified the additive manufactured process used, the 
electrolyte in which the corrosion test was performed, and the main conclusions drawn from the 
corrosion tests (for instance, the corrosion resistance of the AM specimen relative to the 
conventional sample). 
 
Ref. AM 

process 
used 

Test electrolyte Main conclusions drawn 
Corrosion resistance 

compared to ref. sample 
Other relevant conclusions 

[22] SLM 3.5 wt% NaCl SLM > As-cast  
[23] SLM 0.6M NaCl SLM > Wrought High solidification rates 

inherent to AM avoided 
MnS formation and an 
associated Cr-depletion 
zone. 

[24] SLM 0.9 wt% NaCl SLM > Wrought  
[25] SLM 0.1M NaCl SLM > Wrought Ecorr, Icorr, and Epit values of 

the AM specimens did not 
vary significantly with the 
specimen porosities. 

[17] SLM 3.5 wt% NaCl SLM > Wrought The thickness and the 
composition of the oxide 
film on SLM and wrought 
specimens are very similar. 

[18] SLM Human serum, 
phosphate buffer 
saline (PBS), and 

0.9M NaCl 

SLM > Wrought EIS suggest better barrier 
properties for the AM 
specimen compared to the 
wrought sample. 

[19] SLM Deionized water 
with and without 
Cl− (400 ppm) at 

pH 1, 2, and 3 

SLM > Wrought EIS suggest better barrier 
properties for the AM 
specimen compared to the 
wrought sample. 

[26] SLM 0.9 wt% NaCl Wrought > SLM The pre-existing pores in 
SLM samples are 
preferentially attacked 
during corrosion, leading to 
increased metal dissolution, 
breakdown of passivity and 
pitting corrosion at low 
anodic potentials. 

[27] SLM 0.5 M H2SO4 with 
50 ppm Cl– and 2 

ppm F– 

Wrought > SLM  

[28] LRN 3.5 wt% NaCl Wrought > LRN  



[16] LENS 0.9 wt% NaCl Wrought > LENS LENS 316L exhibited lower 
values of Icorr than the 
wrought. However, the 
LENS samples presented 
lower values of Ebreakdown. 

[20] PBF-L 0.1M HCl Wrought > PBF-L  
 


