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A B S T R A C T   

The effect of surface roughness on the corrosion behavior of 316 L stainless steel manufactured by LPBF has been 
evaluated. The behavior of the steel in the as-built state was compared to that ground up to 2500 grade. Three 
different aggressive environments were used: 3.5 wt% NaCl water solution, 3 wt% H2SO4 solution, and high- 
temperature oxidation at 800 ºC. The ground specimens showed higher corrosion resistance. The corrosion 
resistance was much smaller in the as-built samples for electrochemical tests, and the lowest mass gain after high- 
temperature oxidation was found in the ground specimens.   

1. Introduction 

Laser Powder Bed Fusion (LPBF) is a group of techniques belonging 
to additive manufacturing (AM). LPBF consists of the melting of a layer 
of powder after its deposition in a powder bed thanks to a laser source in 
an inert atmosphere, such as Argon, to avoid undesirable reactions in the 
hot metal [1]. This process has many advantages, such as the fabrication 
of near-net-shape parts without the need of using molds or the possi
bility of fabricating pieces with complex geometries [2]. On the other 
hand, several drawbacks can be found such as the presence of porosity 
[3], anisotropy [4], or roughness [5], which is higher than in parts 
fabricated by conventional methods like mechanizing or casting [6]. 
Roughness is very important since many important applications require 
roughness below 0.8 µm [7], something which is difficult to reach is 
as-built LPBF parts [8]. 

Particularly, surface roughness has been studied as a defect of the 
parts fabricated by LPBF. It is affected by the different variables that 
influence the manufacturing process such as the hatch distance or the 
stability of the laser used [9]. In this study, the LPBF printer was 
equipped with a fiber laser, which has a big influence on the properties 
of the fabricated specimens. Their emission is near-infrared, which gets 
a good absorptivity from the metals, and their optical components 
produce a high beam quality. However, its performance is limited by 
nonlinear effects in the gain medium and by polarization instabilities 
[10]. Despite this, all the good qualities and advantages mentioned 
before have made these lasers the most commonly used ones in LPBF 

printers. 
The manufacturing parameters must be precisely optimized, other

wise, they can generate the balling phenomenon [11]. Balling is caused 
because the laser molten track shrinks to reduce the surface energy as a 
result of the surface tension, giving rise to the presence of particles that 
form the surface of parts with rounded shapes in the last layers. Two 
kinds of balling have been observed: ellipsoidal big balls that strongly 
degrade the properties of the pieces, which is caused by bad wettability; 
and small rounded balls, which have been found not to have equivalent 
negative effects [12]. Balling limits the final accuracy of the shape of the 
samples and reduces the wear performance [13] and the fatigue life, and 
promotes the surface cracking of the samples [14]. The last layer is not 
the only one affected by balling. It has been observed that the balling 
phenomenon can affect the distribution and the homogeneity of the 
powder when it is deposited during the fabrication in the powder bed, 
causing poor welding between layers, which can cause delaminations or 
poor resistance to fatigue, as well as other changes in the performance of 
the pieces. [15]. 

316 L stainless steel is one of the most used alloys to fabricate parts 
by LPBF systems thanks to its good weldability [16] and its ease to be 
processed [17]. This austenitic stainless steel is well known for its good 
mechanical properties, wear, and corrosion behavior [18], and its wide 
range of possible applications, like in the health sector [19], the trans
port field [20], or the energy industry [21]. In this sense, additive 
manufacturing can provide unique and personalized parts, which is 
important in the sectors where only a small series of fabrication are 
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needed, as mentioned before. Although the 316 L stainless steel fabri
cated by LPBF can exceed different properties of this alloy manufactured 
by conventional methods [22], [23]; different problems have been re
ported in previous studies, like the cited porosity, anisotropy, or surface 
roughness. 

To reduce these disadvantages, different postprocessing techniques 
have been investigated, like the heat treatments [24], the hot isostatic 
pressing [25], or the laser shock peening [26]. In the case of surface 
roughness, several techniques have been investigated. In this sense, 
Tyagi et al. studied the influence of electropolishing and chempolishing 
on the surface of 316 L ss parts made by LPBF [27]. They found that 
both, electropolishing and chempolishing, can bring down the internal 
and external surface roughness, while other methods like the grounding 
can only be used for the external surface. However, the most studied 
technique to reduce it is machining. It has been claimed that machining 
improved the accuracy, the mechanical properties, and the wear 
behavior of the parts [28]. Also, the material removed by machining is 
much less in AM than in parts manufactured by conventional tech
niques. However, machining modifies the surface of the samples, so it is 
important to analyze how it affects other relevant properties of the 
material such as the corrosion behavior. Moreover, the analysis of sur
face finishing effects on the corrosion behavior is particularly important 
in AM samples as the complex geometries often obtained by AM (e.g. 
lattice, tubes, etc.) makes it impossible to apply any surface modification 
technique. Therefore, it is essential to understand how the surface fin
ishing affects the corrosion resistance of materials manufactured by 
SLM. 

In this work, the influence of the surface finishing on the corrosion 
resistance of the 316 L stainless steel manufactured by an LPBF system 
has been studied. As-built and ground parts have been exposed to three 
different corrosive environments: 3.5% NaCl water solution, 0.1 M 
H2SO4 water solution, and oxidation at high temperature in dry air (800 
◦C). These different conditions allow a deep and complete study of the 
role that the surface roughness of LPBF plays on the corrosion behavior 
and how the machining used to improve the mechanical properties of 
the 316 L stainless steel influences its corrosion. 

2. Experimental procedure 

2.1. Materials 

316 L stainless steel plates were manufactured with an LPBF system 
equipped with a fiber laser (EOS M280 400 W). The laser beam used for 
the fabrication had a wavelength of 1070 nm with a Gaussian shape, a 
power of 195 W, and the laser spot had a diameter of 0.07 mm. The 
scanning speed of the process was 1083 mm/s, the laser height was 20 
µm, the hatching distance was 90 µm and the infill angle varied of 67̊
between layers. The particle size of the powder was in the range of 
20–50 µm. 

The chemical composition of 316 L stainless steel (in wt%), deter
mined by X-ray fluorescence analysis with a Philips Panalitycal MagiX, 
was 17.0 Cr, 13.1 Ni, 2.7 Mo, 1.3 Mn, 1.2 Si, ≤ 0.1 O, ≤ 0.03 C and 
balance Fe. The samples, with a size of 15 × 15 × 1.5 (in mm), were 
manufactured following the build direction shown in Fig. 1. Two 
different surface finishings have been tested: (i) the surface with the 
roughness obtained in the as-received state, hereafter 316 L-As Built 
(316 L-AB), and (ii) a ground surface obtained by grounding the samples 
with SiC emery paper up to 2500 grade, hereafter 316 L-Ground (316 L- 
G). In all the ground samples, 24 h were waited to carry out the corro
sion tests, with the intention that the passive layer was formed. 

Archimedes’ density method was used to measure density of the as- 
built parts. Every part was weighted in the air and immersed in water 
and the Archimedes density, ρ, was obtained by the Eq. 1: 

ρ =
W(a) [ρ(fl) − ρ(a)]

0.99967 [W(a) − W(fl)]
+ ρ(a) (1)  

Where W(a) is the weight of the part measured in the air; ρ(fl), the 
density of the water in which the part is immersed counting with its 
temperature; ρ(a), the air density in room conditions; and W(fl), the 
weight of the part immersed in water. The density of the as-built parts 
was 7.94 ± 0.02 g/cm3, which implies a relative density of 99.25% 
± 0.25%, i.e. a porosity of 0.75%. 

2.2. Corrosion tests 

2.2.1. Immersion tests 
Immersion tests were performed in 316 L-AB and 316 L-G samples. 

The different samples were fully immersed at room temperature in a 
vertical position in a 3.5 wt% NaCl water solution and in 3 wt% H2SO4. 
The immersion times in the 3 wt% H2SO4 solution were 1, 24, 48, 120, 
216, and 360 h. For the 3.5 wt% NaCl solution the immersion times 
extended for up to 1008 h. Samples were weighed before and after each 
immersion time to obtain the mass gain. Before weighing them, samples 
were cleaned with warm water and dried with hot air. At least two 
samples were immersed in the different media to ensure the reproduc
ibility of the results. 

2.2.2. Electrochemical tests 
Electrochemical tests were carried out in the 3.5 wt% NaCl and 3 wt 

% H2SO4 solutions at room temperature using an Autolab PGStat302N 
potentiostat provided with Nova 2.1 software. For the different mea
surements, a three-electrode cell configuration was used, where the 
working electrode was the additive manufactured stainless steel sample 
(316 L-AB or 316 L-G), the reference electrode was a silver/silver 
chloride (Ag/AgCl), and the counter electrode was a graphite rod. The 
tested sample was pressed against and opened in the electrochemical 
cell with a rubber O-ring, exposing an area of 0.76 cm2 to the electrolyte. 
The studied surface of the samples were the ones parallel to the build 
direction, which is the YZ plane in Fig. 1. 

The polarization resistance of the samples (Rp) was obtained by 
varying the potential from ± 10 mV around the corrosion potential 
(Ecorr), using a 1 mV/s scanning rate. The tests were carried out for the 
different samples at different immersion times in the electrolyte solu
tion: 1, 24, 48, 120, 216, and 360 h for 3 wt% H2SO4 solution and up to 
1008 h for 3.5 wt% NaCl water solution, to study the evolution of Rp and 
Ecorr with the immersion time. 

Cyclic potentiodynamic tests were carried out to determine the 
susceptibility to localized corrosion. A polarization scan was carried out 
in the anodic direction, starting at − 1.4 V, at a rate of 0.1 V/s with a 
maximum and minimum potential of 1 V and − 1.4 V, respectively, 
around the Ecorr. The sweep direction was reversed at a limit threshold of 
5 mA/cm2. These tests were performed after 1 h of immersion by trip
licate in different samples. 

Fig. 1. Schematic representation of the build direction of the 
manufacturing process. 
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2.2.3. High-temperature oxidation 
High-temperature oxidation tests were carried out in a dry air at

mosphere at 800 ºC for 360 h to simulate real working conditions, using 
a Nabertherm LT 5/12/P330 furnace. The samples were placed indi
vidually in alumina crucibles and were weighed after 5, 24, 48, 120, 
216, and 360 h of thermal test to obtain their mass gain versus exposure 
time. At least two samples were tested for each experimental condition 
to guarantee the reproducibility of the results. 

2.3. Samples characterization 

An optical profilometer (Zeta Instruments) was used to analyze the 
surface state and its area with the Zeta3D software. ImageJ was used to 
calculate the real area of the samples with the profiles obtained from the 
profilometer. 

Samples were analyzed on the YZ-surface (see Fig. 1) and the cross- 
section after the different tests by Scanning Electron Microscopy (SEM, 
Hitachi S-3400 N). For microscopic characterization of the cross-section, 
metallographic samples were cut using a SiC disc cutter, hot mounted in 
conductive resin, ground with SiC emery paper up to 4000 grade, and 
polished with diamond paste to 1 µm. 

X-ray diffraction (XRD) technique has been used to characterize the 
phases present in 316 L stainless steel before and after high-temperature 
oxidation tests and to analyze the grown oxides in the YZ-surface of the 
as-built and ground samples. A Panalytical X′Pert PRO diffractometer 
has been employed using monochromatic Cu Kα (1.54056 Å) as the ra
diation source with 45 kV and 40 mA. Diffraction patterns have been 
recorded in an angular interval of 10 – 120◦, with the step of Δ(2θ) 
= 0.04◦ and time per step of 1 s. The patterns have been indexed in the 
PDF-4 database of ICDD. 

Surface roughness measurements of each sample were obtained with 
a Zeta-20 optical 3D profilometer with a resolution of 1 µm at × 20 
magnifications and the Zeta-3D HDR optical configuration. 

3. Results and discussion 

3.1. Starting materials characterization 

Fig. 2 shows the 3D optical profile of the plain view of the 316 L-AB 
and 316 L-G samples, where the surface morphology characteristics can 
be observed. There is a clear difference between the sample in the as- 
built state (316 L-AB) and the sample after the surface grounding pro
cess (316 L-G). The surface of the 316 L-AB (Fig. 2(a)) shows spherical- 
like zones of different sizes on the surface that correspond to the balling 
phenomenon characteristic of LPBF. On the other hand, the 316 L-G 
shows a very flat surface with minor grooves in the surface (Fig. 2(b)). 
The paper used, i.e. 2500 grit, corresponds with a particle size of 7.8 µm, 

so any surface feature should be well below this value. 
From different images, the average surface roughness of 316 L-AB 

and 316 L-G samples was measured, and many different roughness pa
rameters were obtained (Table 1). The average roughness (Ra) for the 
316 L-AB samples was 2.8 ± 0.6 µm, while for the 316 L-G was 0.07 
± 0.01 µm, respectively. The difference in the most basic roughness 
parameters was 40 times it was slightly lower for Rz, i.e., in the differ
ence between the highest points and the lowest ones. The variation of 
the other parameters indicates that the surfaces had similar morphol
ogies but with different dimensions. Particularly, the kurtosis values 
(Rku) were in both cases close to 3, but for the 316 L-AB the value was 
slightly above it, meaning that there were many zones far from the 
average line, while for the 316-G it was below 3, meaning that most of 
the material was in the average line with smaller contributions up and 
below it [29]. 

In most cases, the skewness (Rsk) was negative, indicating that in 
both cases the main peaks were below the average line; therefore, the 
valleys predominated over the peaks. The high value of the Rpv indicates 
the addition between the highest peak and the lowest valley in each 
sample, which was very big for the 316 L-AB sample, 17 µm, while was 
very small for the 316 L-G, 0.47 µm. Finally, developed interfacial area 
ratio (Sdr) values were calculated, as this indicates the percentage of the 
additional area of a surface contributed by texture as compared to a flat 
area [30]. 

As a general consideration, the 316 L-AB did not have a very high 
roughness, although it would be too high for some applications and 
would induce fatigue failures, while the roughness of the 316 L-G, was 
under the values required for the most demanding applications [7]. 

The phases present in the 316 L-AB and 316-L-G samples were 
identified by XRD, as is shown in Fig. 3. Diffraction patterns of both 
samples showed the same peaks, which correspond to the γ-Fe phase. 
However, a broadening of the peaks was observed in the as-built sam
ples. Table 2 summarized the full width at half-maximum (FWHM) of 
the five main peaks γ-Fe observed in the XRD diagram. On average, the 
FWHM of the peaks was 80% greater in the as-built samples than in the 
ground ones. The peak with the smallest change of the five peaks 

Fig. 2. 3D Optical profiler micrographs of (a) 316 L-AB and (b) 316 L-G samples.  

Table 1 
Values of the surface roughness parameters of the studied specimens.  

Parameter (μm) 316 L-AB 316 L-G 

Ra 2.8 ± 0.6 0.07 ± 0.04 
Rz 9.4 ± 1.5 0.36 ± 0.04 
Rpv 17 ± 3 0.47 ± 0.12 
Rsk -0.4 ± 0.8 -0.24 ± 0.18 
Rku 3.2 ± 0.7 2.7 ± 0.6 
Sdr 7.2 ± 0.5 0.15 ± 0.02  
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measured was the (111)γ-Fe; the FWHM for the 316 L-AB and 316 L-G 
samples was 0.480◦ and 0.297◦, respectively, which is a 62% higher 
value. 

Peak broadening can be an indicator of grain size decrease and the 
presence of defects in the crystalline structure caused by a large local 
strain. An X-ray line broadening analysis was made to characterize 
surface microstructure in terms of crystal size and lattice strain. The 
crystal size of both samples was calculated using the Scherrer equation, 
and instrumental broadening of LaB6 was used for this purpose. The 
average crystal size of 316 L-AB and 316 L-G samples, calculated with 
the results of each peak in Table 2, are ~154 and ~309 Å, respectively. 

This indicates that a decrease of crystal size by 50% takes place in the 
outer layers of the as-built samples. Also, this value is inversely pro
portional to lattice strain, indicating that the strain in the as-built 
samples was 82% greater than in the ground ones. Therefore, 
grounding nearly reduces by 50% the strain at the surface of the LPBF 
samples. 

In addition, a slight shift in the position of the peaks was also noted, 
with most of the peaks of the as-built sample having smaller diffraction 
angles. This indicates that the distance between the atomic planes was 
smaller in the as-built sample, which indicates the presence of strain at 
the surface, as was also indicated by the width of the peaks. 

The microstructure of both samples is shown in Fig. 4. The general 
microstructure, Fig. 4(a), is the typical one seen in the 316 L made by the 
LPBF process, composed of austenitic columnar grains which grow in the 
heat dissipation direction, as observed in other studies [31]. These 
columnar grains are slightly finer in the surface zones than in the inside 
of the parts, Fig. 4(b). These results coincide with others shown by other 
authors [32] and are caused by a faster solidification in the borders than 
in the inside of the specimens [28]. 

3.2. Immersion tests 

Results of the mass change are shown in Fig. 5. It can be seen that 
there are not so many differences between the specimens as-built and 
the ground specimens and these differences are so small that they can be 
associated with the experimental deviation, so the original state of the 

Fig. 3. X-ray diffraction analysis of the starting 316 L-AB and 316 L- 
G materials. 

Table 2 
Comparison of 2θ angle, FWHM, crystal size, and lattice strain for (111), (200), 
(220), (311), and (222) γ-Fe peaks for the two surface finishings.  

Sample Peak γ-Fe 2θ 
(º) 

γ-Fe peak 
FWHM (º) 

Crystal size 
(Å) 

Lattice strain 
(%) 

316- 
AB  

(111)  43.460  0.480  207  0.520  
(200)  50.470  0.787  124  0.725  
(220)  74.500  0.709  160  0.404  
(311)  90.360  0.945  137  0.406  
(222)  95.500  0.945  143  0.372 

316-G  (111)  43.519  0.297  372  0.316  
(200)  50.555  0.440  241  0.400  
(220)  74.510  0.337  398  0.187  
(311)  90.347  0.554  260  0.235  
(222)  95.700  0.549  276  0.212  

Fig. 4. Microstructure of the 316 L ss parts: General view, (a); detail of the change in the grain size, (b).  
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as-built samples does not have a negative influence on the variation of 
the mass. However, it has been seen that the NaCl can be deposited as 
clusters in the roughness, but these solids can be removed with warm 
water and do not react with the 316 L ss, so the variation of the mass 
does not depend on it. 

In the acid medium, the samples suffered a loss of mass, regardless of 
the surface roughness and regardless of exposure time. The sample with 
the highest roughness (316 L-AB) showed a greater mass loss, probably 
because of its higher surface area. However, at longer exposure times, 
the mass loss of both specimens (316 L-AB and 316 L-G) trends to 
coincide. 

3.3. Electrochemical tests 

Results of the Rp and the OCP for the samples evaluated in NaCl and 
H2SO4 are shown in Fig. 6. In Fig. 6(a), it can be seen that the surface 
state had a big influence on the polarization resistance of the samples in 
the NaCl solution. The as-received specimens showed a lower Rp than 
the ground ones, having differences of orders of magnitude. 

To properly evaluate the value of Rp, it is important to analyze how 
this value is measured. The equipment polarizes the samples at a value 
of ΔV and measures the current intensity that appears in the circuit (ΔI). 
Then the equipment calculates Rp using the area exposed (A) according 
to Eq. 2. 

Rp =
ΔV
Δj

=
ΔV

ΔI
A

(2) 

However, if the real area is greater than the apparent area, i.e., due to 
the roughness, the area of the sample is greater than the geometrical 
area of the hole in the electrochemical cell used, there would be a dif
ference in the actual value of the Rp and the value provided by the 
equipment solely because of the difference in the area of the sample. The 
operation is shown in Eq. 3. Where Rpreal is the value that intrinsically 
explains the behavior of the material while Rp is the value provided by 
the equipment if the geometrical surface of the electrochemical cell is 
used. 

Rpreal =
ΔV

ΔI
Areal

=
ΔV

ΔI
Aapparent

⋅ Aapparent
Areal

=
ΔV

Δj
Areal

Aapparent
= Rp

Areal

Aapparent
(3) 

By considering this effect, it can be deduced that a correction in the 
Rp values obtained for the samples should be included, as there is a big 
difference in the real areas of the samples. From the optical profilom
etry, by analyzing the profile roughness parameters it has been deter
mined that the real surface for the samples was × 8.2 ± 0.1 for the as- 

built sample and × 1.01 ± 0.1 for the ground one. It can be observed 
that even after applying this correction, there is still a substantial dif
ference in the Rp of the samples, and with different directions in different 
instants of the test. Therefore, the material at the surface of the two 
samples had a different behaviour in the corrosion tests apart from the 
roughness. 

On the other hand, the as-received specimens had a decreasing Rp 
during the first hours until they reached a constant value in less than 
48 h. The ground samples had a very different behavior: during the first 
hours, the samples showed an increase of Rp, and in the following hours 
this parameter tended to decrease. This different evolution indicates that 
the corrosion resistance of parts in the as-built state, i.e., with high 
roughness values, initially reduced with time until they reached a 
steady-state value, showing that a stable state of the surface was ach
ieved. On the other hand, ground samples, i.e., with low roughness, 
improved their corrosion resistance in the first hours, but later this 
parameter decreased. 

The evolution of the Rp values with the immersion time in the acidic 
medium followed the same trend shown in the chloride solution (Fig. 6 
(a)). The lowest Rp values were obtained for the 316 L-AB sample. As 
shown, the polarization resistance of this sample decreased with the 
increase of the immersion time. At 1 h of immersion time, both samples 
had almost the same Rp value, but this value increased with the increase 
of the immersion time for the 316 L-G sample, reaching a value of about 
330 kΩ cm2. Even so, the polarization resistance of the samples was 
lower in acidic media than in NaCl, being this difference greater be
tween 48 and 216 h of immersion. However, the main conclusion of this 
analysis is to understand how the sample surface finish affects the Rp 
values much more than the electrolyte composition. 

In general, the corrosion potential (Ecorr) is indicative of the ther
modynamic characteristics of the reaction systems. In the case of the 
Open Circuit Potential (Fig. 6(b)), similar behavior can be observed, 
where these values get stabilized over time. In addition, there were big 
differences in the OCP between the specimens with roughness and 
without it, for the two media studied, as seen in the case of the polari
zation resistance and other studies [33]. In general, nobler values were 
obtained for the samples tested in the acidic media. In contrast with the 
behavior shown for Rp values, the OCP is more influenced by the media 
rather than the surface state. 

According to several references, the influence of the roughness in the 
corrosion behavior can be explained by different factors. The first one is 
that roughness increments the area of the specimen, having more surface 
exposed to the corrosive phenomena. In the present case, the ratio be
tween Areal and Aapparent was 8.2. If this factor is considered, in the NaCl 

Fig. 6. Electrochemical tests in NaCl and H2SO4 solutions: (a) Rp and (b) OCP representation.  
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solution the Rp in the first hours of immersion is higher in the 316 L-AB 
than in the 316 L-G, but this changes in the next hours, when the Rp of 
the 316 L-AB decreases and the area factor is less relevant. However, this 
fact has no relevance to the Rp of these specimens when they are 
immersed in the H2SO4 solution, indicating that the area factor is less 
predominant in this particular case. In addition, the presence of this 
roughness was formed by ellipsoidal big balls, which increments the 
wettability of the specimen. Some studies claim that the contact angle of 
the surface in the samples made by SLM is lower than in specimens made 
by other conventional methods, whose roughness is lower [34], which 
can involve increasing the corrosion susceptibility in wet environments. 
A lower contact angle implies the formation of more extended liquid 
films on the surface while a higher contact angle means that the liquid 
forms more rounded droplets, which involves a more hydrophobic 
behavior. Consequently, the roughness of the samples fabricated by SLM 
causes a better contact between the specimen and the solution, pro
voking a bigger corrosive attack. Finally, the balling phenomenon has 
been associated with the formation of linked to surface cracks that also 
reduce the corrosion resistance of the specimen. [28]. 

A comparison of the sample surfaces after the electrochemical test is 
shown in Fig. 7. These micrographs correspond to the samples used in 
the resistance polarization test of 316 L-AB (Fig. 7(a)) and 316 L-G 
(Fig. 7(b)) after 360 h of immersion in NaCl 3.5 wt%. It is possible to see 
the pits formed on the surface of the 316 L-AB sample, but these were 
not seen on the surface of the 316 L-G sample. The roughness of the 
316 L-AB samples increased by 22% after the immersion tests, and some 
oxidized zones are shown on the surface of the sample immersed in NaCl 
medium (Fig. 7(c)). 

Results of the cyclic polarization tests in NaCl solution are shown in  
Fig. 8(a) and 8 (b). From the curves, the values of Ecorr and icorr shown in  
Table 3 were obtained following the ASTM G3–89 standard, which are of 
application in the case of systems that have a single time constant near 
the corrosion potential. Although no differences can be seen over time in 
the pitting corrosion behavior, there are differences between each type 
of specimen. In both media, specimens in the as-built state had a more 
active potential and higher current density than ground samples, which 

implies that, again, the as-built surface caused a detrimental effect on 
the corrosion behavior. In addition, a positive hysteresis loop can be 
seen in the curves obtained with the 316 L-AB samples, which involves 
the metastable nucleation and growth of pits, something that did not 
occur in the parts without roughness. 

There are several causes besides the ones mentioned before. First, 
grinding eliminates the impurities and imperfections [35] of the surface 
that cause differences between zones that can promote the apparition of 
the pitting corrosion [36]. On the other hand, a reduction of the 
roughness minimizes the points at which the pits can nucleate, although 
when the pits do nucleate they grow better in specimens without 
roughness than on pieces with roughness. Burstein and Pistorius [37] 
claimed that the origin of this observation was in the geometry of the 
sites. They found that a more deeply pit site had a greater probability of 
being activated into diffusion-controlled dissolution, but it grew at a 
smaller current density. 

Fig. 8(c) and (d) show the cyclic polarization curves obtained for 
316 L-AB and 316 L-G samples after 1 and 360 h of immersion in the 
acidic medium, and the values of Ecorr and icorr are shown in Table 3. 
Regardless of the immersion time, the 316 L-AB remained passivated, 
without the breaking down of the passive layer, and in contrast to the 
NaCl solution, 316 L-G was passivated in the acidic media. Some authors 
suggest that various stainless steels that have molybdenum as a minor 
alloying element in their composition, are spontaneously passivated in 
non-oxidizing acids like H2SO4 [38]. Alloys that have noble elements in 
their composition can form a strong passive layer on their surfaces and, 
therefore, this passive layer increases the corrosion resistance of the 
stainless steel [39]. The surface treatment performed on the 316 L-G 
sample removes the initial passive film and allows a new, more resistive 
passive film, enriched in molybdenum, to be formed on the surface of 
316 L stainless steel when exposed to an acid medium [40], taking the 
sample to a nobler potential, as previously seen in Rp tests. This can also 
explain the results obtained in the immersion tests, where a more 
resistive passive film allowed to reduce the mass loss for the 316 L-G 
sample (Section 3.2). 

Finally, several surface treatments like the grinding can cause in 

Fig. 7. Surface characterization by SEM of the 316 L stainless steel exposed to 3.5 wt% NaCl for 360 h: (a) 316 L-AB and (b) 316 L-G. (c) Surface profilometer image 
of 316 L-AB exposed to 3.5 wt% NaCl for 360 h. 
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steels like the 316 L a nanocrystallization, as was observed by Oleksak 
et al. [41]. This grain refinement has been found in the steels of this 
study and can be seen in Table 1 from the broadening of the peaks of the 
XRD in Fig. 3. In this way, Nowak et al. claimed that the grinding results 
in higher compressive stress than in the case of the surface of the 
non-grinded specimens and that this compressive stress causes a more 
protective oxide on the surface [42]. This difference in the oxide layers 
between a ground material and a as-built material can be seen in the 
cyclic polarization for both environments, where the pitting corrosion 
behavior was better for the ground specimens. 

3.4. High-temperature oxidation tests 

High-temperature oxidation behavior of the 316 L stainless steel has 
been evaluated as a function of surface finishing. Mass gain versus time 
of both as-built and ground 316 L specimens after 360 h of exposure at 
800 ºC has been represented in Fig. 9. The results show a huge influence 
of surface roughness on the high-temperature oxidation resistance of the 
316 L: the grinding reduces the mass gain. The as-built sample gained 
0.46 ± 0.05 mg/cm2 after 360 h, while the ground sample only gained 
0.22 ± 0.07 mg/cm2 for the same exposure time. Fig. 9 also shows that 
mass gain increases markedly during the first 24 h and then tends to 
slow, particularly in the rough sample. This behavior is characteristic of 
corrosion kinetics that can be adjusted to a parabolic law (Eq. 4), where 
the growth of a protective oxide scale on the surface during the first 
hours reduces the corrosion rate with time. This type of corrosive pro
cess is controlled by the diffusion of alloying elements through the layer 
of oxidized products, mainly Fe, Mn, and Cr, for the case of 316 L 
stainless steel. Kinetic constants (kp) of the 316 L-AB and 316 L-G 
samples are 8.9⋅10− 4 and 1.6⋅10− 4 mg2/cm4⋅h, respectively.  

(Δm/A)2 = kp ⋅t                                                                               (4) 

These results demonstrate that the original roughness causes more 
oxidation and accelerates corrosion mainly because as-built materials 
possess a higher surface-to-volume ratio than ground ones. However, 
other authors as Nowak et al. [43], who analyzed the effect of surface 
roughness on high-temperature oxidation of an AISI 316Ti stainless 

Fig. 8. Cyclic potentiodynamic polarization curves of 316 L-AB and 316 L-G at: (a) 1 h and (b) 360 h of immersion in NaCl 3.5 wt%; and (c) 1 h and (d) 360 h of 
immersion in H2SO4 3 wt%. 

Table 3 
Corrosion potential (Ecorr) and corrosion densities (icorr) of the specimens in 
contact with 3.5 wt% NaCl and 3 wt% H2SO4 electrolytes obtained from the 
cyclic polarization curves after 1 h and 360 h of immersion.  

Sample Electrolyte Time of immersion (h) Ecorr (V) icorr (µA/cm2) 

316 L-AB NaCl  1  -0.977  106.2 
316 L-G NaCl  1  -0.748  17.3 
316 L-AB NaCl  360  -0.994  51.8 
316 L-G NaCl  360  -0.794  9.6 
316 L-AB H2SO4  1  -0.338  323.1 
316 L-G H2SO4  1  -0.375  103.4 
316 L-AB H2SO4  360  -0.392  217.1 
316 L-G H2SO4  360  -0.395  93.5  
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steel, observed that rougher samples had better oxidation resistance by 
the combined effect of introduced defects in the near-surface region and 
the increase of residual stresses caused by mechanical surface prepara
tion. These defects are believed to be an easy diffusion path for elements 
forming the protective oxide scales, which results in a faster formation of 
the protective oxide layer. In the same line, Ghosh et al. [44] analyzed 
the effect of surface working operations on the high-temperature 
oxidation of AISI 304 L ss and they achieved similar conclusions. The 
high density of defects presented near the worked surfaces, such as grain 
boundaries and dislocations, provides an easy diffusion path for oxide 
scale-forming elements. Similar conclusions were achieved in other 
works which analyze the effect of surface roughness on different Ni-base 
alloys [45], [46]. In this context, the results provided in Table 1 for the 
as-built and the ground samples also show some differences in crystal 
size and lattice strain between both samples, and these could also justify 
the differences observed in the mass gain. 

The oxide scale formed on 316 L after 360 h at 800 ºC has been 
analyzed by XRD and the peaks shown in Fig. 10 revealed the formation 
of the same oxides in both specimens and these were assigned to Fe2O3, 

Cr2O3, and (MnFe)Cr2O4. In both specimens, γ-Fe peaks are still the 
predominant ones after their exposure to 800 ºC for 360 h and this can 
be attributed to the thin thickness of the grown oxide scale. 

Fig. 11 shows cross-sectional SEM micrographs of the 316 L-G and 
316 L-AB samples, and, this way, the spinel and corundum oxides 
identified by XRD have been analyzed. Fig. 11 (a) and Fig. 11 (b) show 
the cross-sections of the 316 L-AB sample after its exposure to 5 and 
360 h at 800 ºC, respectively. The formation of a continuous oxide scale 
has not been identified and the oxides were heterogeneously distributed 
along the as-built surface. The presence of grooves avoided the forma
tion of a dense, uniform, and continuous layer of oxides. The punctual 
EDX performed in the oxide scale of the 316 L-AB sample after its 
exposure to 360 h at 800 ºC revealed the presence of 45.1Cr, 33.1 O, 
6.8Mn, 2.2Ni, 0.9Mo, and Bal. Fe (in wt%). These values are in agree
ment with the composition of the spinel oxides identified previously by 
XRD. 

The SEM images of the cross-sections of the 316 L-G sample exposed 
to 5 h (Fig. 11 (c)) and 360 h (Fig. 11 (d)) at 800 ºC revealed that a 
smooth and uniform oxide scale was grown (arrowed in Fig. 11 (c) and 
(d)) and the formation of cracks within the oxide scale was avoided. No 
significant variations were observed between samples exposed to 5 and 
360 h for the 316 L-G condition and only an increase of oxide thickness 
has been distinguished: ~0.5 µm for 5 h against ~2 µm thickness for 
360 h. Again, punctual EDX analyses were performed in the oxide scale 
of the 316 L-G sample after its exposure to 360 h at 800 ºC and its 
composition (in wt%) was 26.2Cr, 29.2 O, 2.3Mn, 4.2Ni, 1.7Mo, and 
Bal. Fe. 

The plain view of the tested samples has been also analyzed by SEM 
to complete the characterization of the oxides after their exposure at 800 
ºC for 360 h. Two types of oxides were identified in the as-built 316 L-AB 
sample according to the differences observed in their morphology, as 
Fig. 11(a) shows. The first ones, marked with red scattered arrows in  
Fig. 12 (a), have the characteristic morphology of small octahedral 
crystals of around ~4 µm and they are associated with the formation of 
Cr-base oxides, as Cr2O3 or MnCr2O4, identified previously in the XRD of 
Fig. 9. The second ones, identified with yellow arrows in Fig. 12 (a), 
have laminar morphology and they are associated with the formation of 
Fe-rich oxides, such as Fe2O3 and FeCr2O4, also identified in the XRD of 
Fig. 10. These two types of oxide morphologies were identified previ
ously in an AISI 304 stainless steel exposed to 850 ºC in the same dry air 
atmosphere [47]. Moreover, in the ground 316 L-G samples, one type of 
oxide was predominant according to its morphology, as Fig. 12 (b) 
shows. The oxides have the octahedral morphology of Cr-base oxides, 
such as Cr2O3 or MnCr2O4, and they are homogeneously distributed 
along the surface. 

3.5. Comparison of the influence of the roughness in the three 
environments 

A comparison of roughness influence in the three environments has 
been done. In this way, a similar trend can be found in the variation of 
the mass of the specimens immersed in NaCl and H2SO4 solutions: 
grinding the as-built surface up to 2500 cannot reduce the variation of 
the mass in the NaCl solution but can reduce the loss of mass around 
84% in H2SO4 solution, showing a great dependence of the parts to this 
parameter in the second medium. On the other hand, the original surface 
has also a big influence when the parts are exposed to oxidation at high 
temperatures. In this case, grinding the surface can reduce the mass gain 
by 52%. This indicates that the negative influence of the original 
roughness is higher in H2SO4 solutions, where the topography and the 
composition of the surfaces are more influential than in the case of 
oxidation at high temperatures, where the corrosion is more homoge
neous due to the higher aggressiveness of the environment. 

Besides the results obtained in the mass variation measures, the 
polarization resistance of the studied parts shows huge differences. In 
the case of the NaCl solution, the ground specimen had a polarization 

Fig. 9. Mass gain (in mg/cm2) with time in function of the surface state of 
316 L stainless steel. 

Fig. 10. XDR analysis of the as-built and ground 316 L stainless steel and after 
corrosion test at 800 ◦C for 360 h. 
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resistance that was one order of magnitude higher than in the case of the 
as-built specimen. Also, the ground part showed more than one order of 
magnitude higher polarization resistance than in the case of the as-built 
part in the acidic media. This indicates that the polarization resistance is 
also very dependent on the kind of surface the specimen has and on the 

type of aggressive solution. In addition, the increment of the surface area 
due to the roughness can cause a detriment in the corrosion properties, 
having a worse effect in the NaCl media than in the acidic one. In any 
case, although the differences between the kinds of aggressive envi
ronments are relevant, the influence of the surface state is, again, very 

Fig. 11. Cross-sectional SEM characterization of the 316 L-AB sample exposed for (a) 5 h and (b) 360 h, and of the 316 L-G sample exposed for (c) 5 h and (d) 360 h 
to dry air atmosphere at 800 ºC. 

Fig. 12. SEM micrographs from the surface of the 316 L stainless steel exposed to 800 ºC for 360 h: (a) 316 L-AB and (b) 316 L-G.  
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high. This result is particularly important while the complex geometries 
often obtained by AM processes make it very difficult and sometimes 
even impossible to apply surface modification techniques, such as 
grounding, which improves the corrosion resistance of the steel, ac
cording to the results described above. In this context, it must be un
derstood that it will not always be possible to carry out surface 
modification processes to increase the corrosion resistance of parts 
processed by AM. 

4. Conclusions  

1. The significant influence of the surface state on the corrosion 
behavior of the 316 L stainless steel parts manufactured by Selective 
Laser Melting in different aggressive environments has been 
established.  

2. In the immersion test in NaCl 3.5 wt%, no high differences can be 
seen between the two kinds of specimens. In the H2SO4 medium, the 
greatest mass loss obtained in the 316 L-AB sample was related to its 
less protective oxide layer and its higher surface area.  

3. Although the polarization resistance values of the 316 L-AB sample 
stabilize with the immersion time in NaCl, they are, except for the 
first hours, always lower than those obtained with the ground sample 
because roughness increment the exposed area of the specimen to the 
solution, as the predominant factor, and because the original surface 
has compositional and morphological effects.  

4. The detrimental effect of the original surface state was also observed 
in cyclic polarization curves, where a more active potential and more 
current density were obtained with as-built surfaces in NaCl. The 
surface irregularities of the 316 L-AB samples favor the presence of 
metastable pitting.  

5. The better corrosion behavior obtained for the ground sample in 
H2SO4 was related to the formation of a more protective passive 
layer, formed by better passivation.  

6. The high-temperature corrosion tests demonstrated that the grinding 
process influences the oxidation kinetics of the 316 L stainless steel. 
The results showed that the grinding process caused less oxidation 
and decreased the corrosion rates due to a lower surface-to-volume 
ratio than the original sample. 
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