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Abstract

This study evaluated the influence of scan rate (4.23 mm/s [S10] and 6.35 mm/s [S15])
on the localized corrosion and tribocorrosion behavior of a laser engineered net shaping
(LENS)-produced stainless steel 316L (SS316L) in a phosphate-buffered saline (PBS) solution.
Electrochemical impedance spectroscopy (EIS) was performed by applying an AC signal
from 105 to 10−2 Hz and cyclic potentiodynamic polarization (CPP) was performed by
sweeping from −150 mV to +1.5 V (vs. open circuit potential) and back to characterize
passivation and pitting susceptibility. Potentiostatic tribocorrosion tests were conducted
using a reciprocating tribometer integrated with a potentiostat to probe material response
in passive and cathodic regimes. S15 exhibited manufacturing-related defects that served
as preferential pit initiation sites, with pits in both S10 and S15 showing evidence of cell-
interior dissolution. Electrochemical results indicated that the charge transfer resistance was
reduced by 66% for S15 and that the repassivation potential decreased by 35% compared
to S10. Under tribocorrosion, material degradation was dominated by mechanical wear
for both samples. However, sliding significantly accelerated electrochemical dissolution in
S15, with the corrosion rate affected by wear (Vc-w) increasing by 46.8%. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) of wear scars revealed
plastic deformation, abrasive grooves, and bio-tribofilm formation composed primarily of
phosphates. Micro-pits associated with processing defects were observed exclusively in S15.
Overall, lower scan rate processing (S10) produced a more defect-resistant microstructure
with improved resistance to localized corrosion and tribocorrosion in PBS.

Keywords: laser engineered net shaping; additive manufacturing; SS316L; bio-tribocorrosion;
localized corrosion

1. Introduction
The emergence of additive manufacturing technologies has facilitated the manufacture

of controlled metal microstructures with designed properties [1,2]. Stainless steel 316L
(SS316L) is one of the most widely used austenitic stainless steels [3,4]. It is very versatile
and has numerous applications including but not limited to structural, chemical and
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nuclear industries. Due to its biocompatibility, corrosion resistance and relatively low
cost compared to Co-Cr-Mo and Ti-based alloys, it also finds widespread use in medical
components such as dental implants and orthopedic applications [4–10]. Its corrosion
resistance is mostly attributed to the formation of a compact, protective passive film
comprising Cr2O3 reinforced by Ni and Mo [11].

SS316L alloys manufactured via additive manufacturing techniques, such as the di-
rect energy deposition (DED) process, have distinguishable microstructures compared to
their wrought counterpart. In DED alloys, microstructures are composed of fine cellular
structures of different morphologies whose size and orientation are determined by the
printing parameters. This hybrid structure has been found to exhibit enhanced corrosion
resistance with increased pitting corrosion resistance [12–15]. While extensive studies have
examined the corrosion and mechanical behavior of AM SS316L in chloride-containing
solutions [14,16], significantly fewer investigations have addressed its tribocorrosion be-
havior, despite its critical importance in biomedical environments where simultaneous
mechanical wear and electrochemical degradation occur (e.g., articulating implants). Tri-
bocorrosion has been shown to significantly accelerate degradation in SS316L by destabi-
lizing the passive film and promoting localized corrosion under sliding conditions [17].
J. Stendal et al. [18] investigated the tribocorrosion response of selective laser-melted (SLM)
316L stainless steel in 0.9 wt.% NaCl and simulated body fluid (SBF) containing bovine
serum albumin, benchmarking its performance against wrought 316L. Tests were conducted
at open circuit potential (OCP) and under passive polarization to decouple mechanical de-
passivation and electrochemical repassivation behavior. The SLM specimens demonstrated
inferior repassivation kinetics relative to the wrought alloy when compared against the rate
of passive film removal during sliding. The reduced tribocorrosion resistance was attributed
primarily to process-induced porosity and surface heterogeneities inherent to SLM fabrica-
tion. Despite this, the total material loss of the SLM alloy was reported to be lower than that
of the wrought counterpart under the studied conditions. Y. Bao et al. [19] evaluated DED
SS316L in 3.5 wt.% NaCl and reported enhanced tribocorrosion performance compared to
forged SS316L, which was attributed to the distinctive microstructural features generated
during the DED process that improve resistance to synergistic wear–corrosion degradation.

Despite these advances, the current literature has largely focused on comparisons
between additively manufactured and wrought materials or on process–property relation-
ships under isolated corrosion or wear conditions. There remains limited understanding of
the coupled influence of process parameter variation on tribocorrosion behavior, particu-
larly in DED systems. M. Rzeszotarska et al. [20] studied the influence of layer thickness as
controlled by the powder feed rates on the mechanical and corrosion behavior of LENS
SS316L. They found that higher power feed rates led to lower layer thicknesses and higher
hardness values. Upon corrosion testing in 0.9 wt% NaCl solution, they found that pitting
corrosion resistance decreased with increased powder feed rate. H. Balhara et al. [21] stud-
ied the influence of laser power and scan speed on the resulting microstructures formed in
LENS SS316L. They found that increasing laser power caused larger ripple curvatures and
higher scan speed with differences in heterogeneous structures formed at higher versus
lower laser powers. When lower laser powers were combined with higher scan speeds, they
observed the presence of voids and defects due to lower overlap between deposited layers.
In this context, laser scan rate is a critical parameter, as it directly governs melt pool stability,
energy input, defect formation, and microstructural evolution. Variations in scan rate can
significantly influence defect density, passive film stability, and mechanical integrity, all of
which are expected to affect the synergistic wear–corrosion response. However, the specific
role of scan rate in controlling the tribocorrosion performance of LENS SS316L remains
insufficiently explored, representing a key knowledge gap.
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Furthermore, although tribocorrosion studies are often conducted in chloride-
containing electrolytes, there is limited work linking DED processing parameters to tribo-
corrosion performance in physiologically relevant environments. Phosphate-buffered saline
(PBS) is widely used as a controlled electrolyte for the preliminary screening of biomedi-
cal alloys due to its reproducible chloride content and near-physiological pH. However,
the extent to which process-induced microstructural variations influence tribocorrosion
behavior in such environments remains unclear, particularly for DED-fabricated materials.
Addressing this gap is essential for evaluating the suitability of additively manufactured
SS316L for biomedical implant applications.

In this work, the effect of two different laser scan speeds on the corrosion and trib-
corrosion behavior of LENS SS316L samples was evaluated in a simulated physiological
environment. The initial microstructures of the samples were characterized using optical
microscopy (OM) and scanning electron microscopy (SEM). The passivation and localized
corrosion behavior was studied using electrochemical impedance spectroscopy (EIS) and
cyclic potentiodynamic polarization (CPP). Potentiostatic tribocorrosion tests were carried
out using a ball-on-plane tester in an electrochemical cell suitable for a three-electrode setup
equipped with a potentiostat at the cathodic and passive potentials. After localized corro-
sion and tribocorrosion testing, the pit morphologies and wear tracks were characterized
using OM and SEM to identify features that underwent degradation. The combined results
were used to propose a mechanistic framework describing bio-tribocorrosion behavior as
a function of processing-induced microstructural variation.

2. Materials and Methods
2.1. Material Synthesis and Initial Characterization

The LENS SS316L samples were manufactured using an Optomec MRS printer (Op-
tomec, Albuquerque, NM, USA). The printing parameters were a powder feed rate of 5 rpm,
a scan orientation of ±45◦ and a laser power of 300 W. Two scan speeds, 4.23 mm/s, desig-
nated as S10, and 6.35 mm/s, designated as S15, were selected to represent two different
thermal regimes and produce variation in the obtained microstructure. The printed 1 cm3

cubic specimens were removed from the substrate using an electric discharge machine
(EDM). The edges of the as-printed samples were ground to remove any roughness, cut into
samples of 0.5 mm thickness, and then mounted in epoxy resin. The exposed cross-section
was 1 cm2 which was then polished using a series of emery papers from 500 to 4000 grit for
corrosion and tribology testing. The hardness of the samples was measured using a Vickers
hardness tester. For metallographic observations, specimens were further polished with a 9,
3 and 1 µm diamond suspension solution and finished in a 0.04 µm SiO2 solution to ensure
a mirror-like finish. They were then etched in an aqua regia (3:1 HCl:HNO3 solution) to
reveal microstructural features.

2.2. Electrochemical Tests

A phosphate-buffered saline (PBS) solution often used to simulate physiological con-
ditions was used for testing. The composition was 8 g/L NaCl, 0.2 g/L KCl, 0.594 g/L
Na2HPO4 and 0.2 g/L KH2PO4 with the solution pH being 7.4. Electrochemical measure-
ments were conducted using a three-electrode system comprising the LENS SS316L as
the working electrode (WE), a 5 cm2 circular platinum mesh spot welded to a 6 cm Pt-Nb
rod as the counter electrode (CE) along with a saturated calomel electrode (SCE) reference
electrode (RE). The samples were mounted in epoxy with Cu wires serving as electrical
connections and polished up to 1200-grit SiC paper. They were then cleaned, dried and
immersed in the PBS solution (under ambient, aerated conditions) with the following
sequence of experiments performed:
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(a) Open circuit potential (OCP) measurements for 30 min until stable.
(b) Electrochemical impedance spectroscopy (EIS) from 100,000 Hz to 0.01 Hz at 10 mV

AC amplitude and 10 points/decade at OCP using the procedure described in ASTM
G106-89 [22].

(c) Cyclic potentiodynamic polarization (CPP) from −150 mV to +1.5 V (vs. OCP) at
a scanning rate of 1 mV/s, with the reverse scan performed back to −150 mV (vs. OCP)
using the procedure described in ASTM G61-86 [23].

All experiments were performed twice to ensure reproducibility. The cathodic, pas-
sivation and pitting potentials were then identified from these results to be used for the
potentiostatic tribocorrosion experiments.

2.3. Potentiostatic Tribocorrosion Tests

Tribocorrosion experiments were conducted using a reciprocating tribometer synchro-
nized with the Solartron 1287 potentiostat/galvanostat (Solartron Analytical, Farnborough,
UK) as shown in Figure 1. For the ball-on-plane contact, a ceramic ball (Al2O3) ball of 6 mm
diameter was fixed onto a pin with a flat LENS SS316L surface as the plane. A normal
load of 1 N was applied providing a Hertzian contact pressure of 450 MPa with a stroke
length of 2 mm. The total sliding distance was 20 m for a sliding speed of 12 mm/s. The
roughness of the ball and the SS316L surface were evaluated before the tests and were
found to be comparable at around Ra = 1.2 ± 0.3 µm.

Figure 1. Tribocorrosion experimental setup used in this study.

The SS316L samples were immersed in 30 mL of the electrolyte solution under am-
bient, aerated conditions and tribocorrosion was tested with the following sequence of
potential applications:

(a) Potential was maintained at OCP for 5 min.
(b) Potentials for tests were specified according to previously identified regions based on

CPP testing:

→ The cathodic region, where the dissolution of the metal is inhibited and the
induced wear is mainly attributed to mechanical loading.

→ The passive region, where the current is used to dissolve the metal, leading
to formation of a passive oxide film. The induced wear is attributed to the
synergy between chemical and mechanical competition, providing details on
the influence of the generation of the passive film on friction behavior.
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The total duration of testing was 1800 s with the coefficient of friction measured
along with the current density. All experiments were performed at room temperature and
repeated three times for reproducibility.

2.4. Characterization After Testing

After the corrosion tests, the surfaces were cleaned thoroughly and resulting pits
were observed using a JEOL JCM 6000Plus (JEOL Ltd., Tokyo, Japan) scanning electron
microscope (SEM). After tribocorrosion testing, wear scars induced in the LENS SS316L
were analyzed using a Keyence VHX-7000 (Keyence Corporation, Osaka, Japan) digital
microscope. In addition to the qualitative evaluation of the surface damage, this equipment
was used to estimate the wear scar dimensions, i.e., width and depth from the worn surface,
by utilizing its capability to capture images at different planes along the Z-direction to
produce a fully focused 3D image. The vertical resolution was adjusted to 0.1 µm. The total
wear volume was calculated using software based on interferometry measurements.

A JEOL JCM 6000Plus (JEOL Ltd., Tokyo, Japan) SEM equipped with energy dispersive
X-ray spectroscopy (EDS) capabilities was used to map the composition of the tribofilms
formed after testing.

3. Results and Discussion
3.1. Microstructure and Mechanical Properties

The SEM images of the samples are shown in Figure 2. They showed the formation
of ripples and scan track boundaries which are typically observed in LENS-manufactured
SS316L [21]. As can be seen from Figure 2a,c, the microstructure comprises various mor-
phologies of cell formations which are typical in additively manufactured materials. The
cells were enclosed within cell boundaries. The average cell widths ranged from 2 to 5 µm.
As seen in Figure 2b,d, S10 showed more continuous cell boundaries while S15 showed
slightly more discontinuous cell boundaries. S15 also showed some defects such as lack of
fusion, porosity and unmelted powder particles as shown in Figure 2c and the magnified
inset image Figure 2(c-1). Although quantitative porosity analysis was not performed
in this study, qualitative metallographic and SEM observations clearly indicate a higher
prevalence of lack-of-fusion and keyhole-type defects at higher scan speed conditions.
This trend is consistent with the established literature, where increasing scan speed re-
duces volumetric energy density and promotes incomplete melting, resulting in increased
defect formation and reduced densification in SS316L [21,24]. Micro-porosity might still
be present in the S10 sample but the presence of such explicit defects was not observed.
Macro-hardness measurements indicated that S15 was harder than S10 with measurements
of 209 ± 18 Hv10 compared with 187 ± 10 Hv10 respectively. Scan speed controls the speed
at which the laser beam scans across the surface and influences the fusion characteristics
as well as residual stress and has been found to influence microstructure and hardness in
other AM SS316L works as well [25,26].

Figure 3 shows the energy dispersive X-ray spectroscopy (EDS) line-scans of Cr, Mo
and Fe distribution across the cells and cell boundaries of S10 and S15. It can be seen that
there is a slight drop in Fe content and an increase in Mo and Cr at the cell boundaries with
a depletion of these elements at the cells. This is generally due to the rejection of solute
elements to the cell boundaries from the fast cooling rates occurring during solidification
in the LENS process. This has been reported in other works on additively manufactured
stainless steel samples as well [14–16,27].
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Figure 2. SEM micrographs showing the various features developed on (a,b) S10 and (c,d) S15 with
(c-1) showing a magnified image of the defects observed near the scan track boundaries.

Figure 3. SEM-EDS line-scans showing the evolution of Fe, Cr and Mo across cells and cell boundaries
in (a) S10 and (b) S15.

3.2. Electrochemical Impedance Spectroscopy (EIS) Results

Figure 4 shows the EIS results after 1 h of exposure in the PBS solution for the S10 and
S15 samples. From the Bode plot, it can be seen that both the alloys showed a pseudocapac-
itive film at the interface due to the phase angles being closer to −80◦ in the medium to
low frequency range (100–0.1 Hz). The Nyquist plots showed the presence of semi-circular
arcs of large radii which also indicates lower charge transfer or corrosion-related reactions
at the interface. The data was fit using a modified Randles circuit (inset of Figure 4b) with
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a constant phase element (CPE) instead of a pure capacitor with the fitting parameters
presented in Table 1. While the charge transfer resistance (Rct) values of S10 and S15 were in
the same magnitude, the value reduced by 66% for the latter compared to the former. This
could be due to the presence of defects on the surface of S15 which lead to discontinuities
in the passive film. These values are slightly lower than those reported for SLM SS316L
in the literature which is expected due to the cooling rates in the SLM process producing
much finer features [28,29]. However, they are higher than those reported for wrought
SS316L which implies higher corrosion resistance. The n values observed were in the
range of 0.8–0.9 and are typically associated with stable passive films exhibiting minor
heterogeneity. Thus, the electrochemical interface in both conditions can be considered
reasonably homogeneous at the macroscopic scale, with only moderate deviation from
ideal capacitive behavior.

Figure 4. (a) Bode and (b) Nyquist plots (inset: electrical circuit used to fit the data) showing
the passivation behavior of LENS SS316L manufactured using two different scan speeds in the
PBS solution.

Table 1. EIS fitting parameters for S10 and S15 in the PBS solution.

Sample Rs
(Ω cm2)

Rct
(kΩ cm2)

Qct (×10−6)
(S−1 cm−2 sn) nct χ2 (×10−3)

S10 24.1 ± 0.83 675.4 ± 56.4 70.13 ± 3.4 0.83 ± 0.01 1.45
S15 21.7 ± 0.81 227.2 ± 24.6 98.13 ± 4.5 0.82 ± 0.01 0.37

3.3. Cyclic Potentiodynamic Polarization (CPP) Results

Figure 5 compares the CPP scans for S10 and S15 specimens in the PBS solution. The
results show the presence of a wide passive range in both samples with a breakdown in
passivity close to 900 mV (vs. SCE). The samples showed a positive hysteresis which is
indicative of the occurrence of pitting corrosion. Table 2 summarizes the corrosion potential
(Ecorr), corrosion current density (icorr), passivation current density (ipass), repassivation
potential (Erep) and the breakdown potential (Eb) extracted from the CPP results. S15 shows
a slightly higher pitting potential in comparison to S10 despite the presence of defects
which implies that the defects did not affect the material’s ability to remain passive under
higher applied potentials. However, the Erep was lower by 35% than that of S10 which
indicates that once pits started to initiate and grow, the ability of the material to repassivate
was markedly lower. The Eb obtained for the LENS samples was found to be higher than
the values reported in the literature for conventionally manufactured samples which are
between 300 and 450 mV (vs. Ag/AgCl) [29–31].
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Figure 5. Cyclic potentiodynamic polarization (CPP) scans of the S10 and S15 samples in PBS solution.

Table 2. Electrochemical parameters obtained from the CPP results.

Samples

Electrochemical Results
(V vs. SCE)

Ecorr
(mV vs. SCE)

Eb
(mV vs. SCE)

Erep
(mV vs. SCE)

icorr
(nA/cm2)

ipass

(µA/cm2)

S10 −260.6 ± 19 852.5 ± 18 −165.5 ± 35 347 ± 45 3.05 ± 0.98
S15 −267.3 ± 25 968.6 ± 16 −224.3 ± 27 339 ± 21 3.03 ± 0.75

3.4. Potentiostatic Tribocorrosion Tests

Potentiostatic tribocorrosion tests were performed at potentials selected from the
cathodic and passive potentials obtained from the CPP tests. Sliding was performed during
the entire duration of testing but the first 300 s (5 min) was just under OCP conditions after
which the selected potential was applied. Figure 6 shows the potential (Figure 6a), coeffi-
cient of friction (COF) and current density (Figure 6b) variation during the tribocorrosion
tests of the two samples in the PBS solution only for the passive region to focus on the
nature of the passive films formed. A potential of +450 mV (vs. OCP) was selected as the
passive potential. Sliding under OCP conditions can be used to obtain information about
the electrochemical activity of the surface under equilibrium conditions. From the potential
profiles (Figure 6a), it can be seen that the potentials were around −100 mV (vs. SCE) which
meant that the surfaces were slightly less active during the start of sliding when compared
to purely exposing to the solution. The potential of S15 was slightly more negative than
that of S10 but it was within a comparable range.

Figure 6b shows the temporal variation in the friction coefficient during testing as
a function of the applied potential. Towards the end of the OCP region, the coefficient of
friction (COF) started to increase due to the beginning of construction of a native oxide film.

Upon application of the potential selected from the passive region, the COF continued
to increase to higher values in the case of the S15 sample whereas a drop was observed in
the case of the S10 sample before it stabilized around a lower value. Looking at the current
densities, the values are an order of magnitude higher than the icorr upon corrosion testing
alone which shows the influence of wear on the corrosion rate of the materials. The current
density during sliding and potential application (Figure 6b) was slightly lower for S15 but
in the same magnitude as that of S10. Both the current density and coefficient of friction
(COF) for S15 exhibited greater fluctuations compared to S10, which maintained relatively
stable values. This suggests that the tribofilm formed on the S15 sample experienced
more frequent localized breakdowns, whereas S10 developed a more stable and protective
surface film during sliding. Based on the CPP tests in the PBS solution, the repassivation
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potential (Erep) of S10 is higher than S15 which indicates that the ability of the passive film
to repassivate after breakdown is higher in the former than the latter. The lower ability for
repassivation could possibly be the reason for current fluctuations and continued increase
in COF on the S15 surface. Additionally, the defects observed from improper fusion in the
S15 sample could also contribute to the local breakdowns in passivity observed.

Figure 6. Comparison of (a) measured potential and (b) coefficient of friction (COF, shown by the
solid lines) and current density (shown by the dashed lines) during sliding under passive conditions
for the S10 and S15 samples.

Similar tests were performed on a wrought SS316L sample and the mean COF during
potential application was 0.52, 0.68 and 0.75 for S10, S15 and the commercial SS316L
respectively. S15 showed a higher COF than S10 which could be due to its higher hardness
or frequent rupture and repassivation of passive film.

3.5. Characterization After Corrosion and Wear Tests

The samples were cleaned after the CPP tests in PBS and etched in aqua regia to
reveal any microstructural features present around the pits formed. The SEM images of
the pits formed in S10 and S15 after CPP in PBS are shown in Figure 7(a-1), (a-2), (a-3)
and (b-1), (b-2), (b-3) respectively. In both samples, widespread areas of attack were
observed in the regions surrounding the pits. The pit sizes on all the samples ranged
from 20 to 250 µm. Several pits in the S15 sample were found near defects as can be seen
in Figure 7(b-1,b-2). Such evidence was not observed in S10. From the morphology of
the regions of attack surrounding the pits, the selective dissolution of cell interiors was
observed as seen in Figure 7(a-3,b-3). This can be related to the depletion of Cr and Mo
at the cell interiors observed from the SEM-EDS line-scans. The micro-segregation of Cr
and Mo to the cell boundaries possibly made them more cathodic/passive in comparison
to the cell interiors which contained lesser amounts of these passivating elements. Volta
potential mapping across LENS samples in a previous study found that the cell boundaries
were at a more positive potential than the cell interiors which could further support this
theory [14]. Therefore, it is possible that micro-galvanic cells are developed with the cell
interiors serving as anodes and getting selectively attacked. For sample S10, pitting was
possibly initiated via cell interior dissolution but for S15, since pits were mostly located at
or near defects, these were possibly the initiation sites.

The OM images of the wear scars after tribocorrosion testing in the cathodic and
passivation regions for S10 and S15 are shown in Figure 8. As seen from Figure 8a,c,
which show the scars on S10 and S15 after the tribocorrosion test in the cathodic region,
the presence of debris at the wear scar edges was observed. This suggests the formation
of a thin solid surface film resulting from a chemical reaction between the electrolyte
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components and the metallic surfaces under stress. This boundary film, or tribofilm, is
trapped in the asperities of the surface and appears as a dark-brown coloration.

Figure 7. SEM images showing the pits formed on (a) S10 and (b) S15 samples after the CPP tests:
(a-1,a-2) pit morphologies and (a-3) cell interior dissolution in S10; (b-1,b-2) pits formed at the defects
and (b-3) evidence of cell interior dissolution in S15.

Figure 8. OM images of the worn areas at the end of the tribocorrosion testing in the PBS solution:
(a,c) Ecath and (b,d) Epass for the S10 and S15 samples.

Abrasive grooves remain visible even at the passivation potential in PBS solution
(Figure 8b,d), indicating that the passive oxide film is thin and mechanically weak, and
therefore unable to withstand the applied contact stresses during sliding. In Figure 8d,
micro-pits are also present within the wear track of the S15 sample, further confirming that
material removal is primarily governed by abrasion-dominated degradation. Repeated
mechanical disruption of the oxide film causes it to fracture and generate wear debris. These
debris particles become trapped within the confined contact zone and act as hard third-body
abrasives, leading to additional surface damage through plowing and scratching, commonly
referred to as three-body abrasion. At the same time, two-body abrasion occurs due to the
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significant hardness mismatch between the ceramic counterface and the relatively softer
SS316L matrix, further contributing to the observed wear morphology.

The dimensions of the wear scars were measured from the OM images and details
are presented in Table 3 and the calculated tribocorrosion parameters are shown in Table 4.
Often, the volume loss induced by tribocorrosion testing is described as the result of both
mechanical and chemical wear [32–34]:

Vt = Vw + Vc + ∆Vs (1)

∆Vs = Vw−c + Vc−w (2)

where Vt is the total material loss volume, Vw is the lost volume of material due to me-
chanical wear alone, Vc is the volume lost due to corrosion alone and ∆Vs is the synergic
effect that is devised into corrosion rate affected by wear (Vc-w) and wear rate affected by
corrosion (Vw-c).

Table 3. Summary of wear scar dimensions resulting from tribocorrosion testing of samples S10 and
S15 in the PBS solution.

Samples Potential Tested Width (µm) Depth (µm)

S10
Ecath 170 ± 7 3 ± 0.9
Epass 190 ± 11 3.3 ± 0.7

S15
Ecath 150 ± 10 3.6 ± 0.2
Epass 180 ± 8 3.9 ± 0.5

Table 4. Tribocorrosion parameters obtained for samples S10 and S15 in the PBS solution.

Samples Vw
(10−3 mm3)

Vt
(10−3 mm3)

Vc
(10−3 mm3)

∆Vs
(Vt − Vw − Vc)

(10−3 mm3)

Vw-c
(10−3 mm3)

Vc-w
(∆Vs − Vw-c)
(10−3 mm3)

S10 3.4 ± 0.14 4.1 ± 0.12 0.041 ± 0.001 0.659 ± 0.2 0.151 ± 0.05 0.508 ± 0.21
S15 3.6 ± 0.28 4.7 ± 0.3 0.040 ± 0.001 1.06 ± 0.4 0.105 ± 0.03 0.955 ± 0.4

Vw and Vt were calculated using the software in Keyence VHX-7000 digital microscope
(Keyence Corporation, Osaka, Japan) by performing wear tests at the cathodic polarization
potential and passivation potentials, respectively. Vc and Vw-c were calculated from the
polarization test performed without wear and from wear tests at the passivation potentials,
respectively, using the following equations:

Vc =
icorr Mt

nFρ
(3)

Vw−c =
isliding Mt

nFρ
(4)

where icorr and isliding are the current during pure corrosion and tribocorrosion test, t is the
time of exposure (s), M is the molecular weight (55.845 g/mol), F is the Faraday’s constant
equal to 96,485 C·mol−1, ρ is the density (7.87 g/cm3) and n is the valence oxidation state
(n = 2). The icorr values used for the calculations are from those reported in Table 2 as
obtained from fitting the linear region of the CPP results (±150 mV from Ecorr). The isliding

was obtained by averaging the values measured over the 1667 s during which sliding was
performed from the data presented in Figure 6b.
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From the calculated parameters in Table 4, the total material loss (Vt) for S15
(4.7 × 10−3 mm3) is approximately 14.6% higher than that of S10 (4.1 × 10−3 mm3), indicat-
ing that S15 undergoes more severe degradation under tribocorrosion conditions. Although
the pure corrosion component (Vc) is nearly identical for both samples (0.041 × 10−3 mm3

for S10 and 0.040 × 10−3 mm3 for S15, i.e., <3% difference) clear differences emerge in the
mechanical and synergistic contributions.

The pure mechanical wear volume (Vw) is slightly higher for S15 (3.6 × 10−3 mm3)
compared to S10 (3.4 × 10−3 mm3), corresponding to an increase of approximately 5.9%,
suggesting that S15 experiences greater material removal under purely mechanical condi-
tions. This is consistent with the larger wear scar depths observed for S15 at both cathodic
and passivation conditions, particularly under passivation (3.9 µm for S15 vs. 3.3 µm for
S10, representing an increase of approximately 18%). These values are slightly higher than
those reported upon sliding under OCP conditions for conventional SS316L in various
comparable physiological solutions such as Ringer’s, PBS and saline which is expected
since sliding in the current study was performed under cathodic conditions where the
native passive film cannot be formed [35,36].

Importantly, the synergistic contribution (∆Vs) is significantly higher for S15
(1.06 × 10−3 mm3) than for S10 (0.659 × 10−3 mm3), corresponding to an increase of
approximately 61%. This indicates that the interaction between wear and corrosion is more
detrimental in S15. When decomposing the synergy term, the corrosion rate affected by
wear (Vc-w) is markedly larger for S15 (0.955 × 10−3 mm3) than for S10 (0.508 × 10−3 mm3),
representing an increase of approximately 88%. This suggests that mechanical sliding more
strongly accelerates electrochemical dissolution in S15, likely due to more frequent passive
film breakdown and slower repassivation kinetics. This behavior is strongly correlated
with the lower repassivation potential (Erep) of S15, which is approximately 35% lower
than that of S10. The reduced Erep indicates inferior repassivation capability and lower
passive film stability in S15, making it more susceptible to sustained depassivation under
sliding conditions. Combined with the higher defect density in S15, these microstruc-
tural discontinuities act as localized sites for passive film breakdown, facilitating repeated
depassivation–repassivation cycles and enhancing corrosion kinetics during tribocorrosion.

Conversely, the wear rate affected by corrosion (Vw-c) is slightly lower for S15
(0.105 × 10−3 mm3) compared to S10 (0.151 × 10−3 mm3), corresponding to a decrease of
approximately 30%. This implies that corrosion contributes less to mechanically assisted
material removal in S15, even though the overall synergistic damage is higher. Therefore,
the dominant degradation mechanism in S15 appears to be corrosion accelerated by wear
rather than wear enhanced by corrosion.

Overall, while pure corrosion contributes minimally to total volume loss in both sam-
ples, the synergistic interaction plays a decisive role. For both materials, mechanical wear
(Vw) is the dominant contributor to total loss; however, S15 exhibits a substantially higher
corrosion–wear interaction term, leading to greater total degradation. This behavior is
primarily attributed to the combined effects of higher defect density and reduced repassi-
vation capability (lower Erep) in S15, which promote passive film instability and enhanced
localized dissolution under sliding conditions. These findings highlight that tribocorrosion
performance in LENS SS316L is governed not only by intrinsic corrosion resistance but
also by process-induced microstructural features that control passive film stability and its
ability to recover during mechanical disruption.

Figure 9 shows the SEM images after tribocorrosion testing in the passive region and
the EDS results obtained from measurements at the tribofilms indicated in the figures
are shown in Table 5. Similar to the observations from the OM results, both samples
showed the formation of bio-tribofilms/wear debris at certain regions in the wear with S15
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exhibiting some micro-pits as well (Figure 9d). From the EDS measurements (Table 5), the
film formed in the wear tracks consisted of phosphorous and oxygen, in addition to the
main alloying elements in SS316L (Fe, Cr, Mo, Ni, Mn) which, given the solution the alloys
were tested in, could indicate phosphate-based films. Other studies have shown that such
bio-tribofilms form on biomedical alloys exposed to PBS [37,38] solution. EDS mapping of
these bio-tribofilms are presented in Figure A1 in Appendix A.

Figure 9. SEM images of features observed in the wear tracks of the (a,b) S10 and (c,d) S15 samples.

Table 5. EDS results from area maps of tribofilms from the SEM images obtained for S10 and S15.

Elements
(wt%)

Sample S10 Sample S15

Figure 9a Figure 9b Figure 9c Figure 9d

Fe 59.52 59.5 60.39 61.06
Cr 17.47 17.13 17.49 17.78
Ni 11.09 11.14 11.16 11.36
Mo 2.02 1.97 1.99 1.99
Mn 0.97 0.92 0.94 0.94
O 7.28 7.52 6.21 5.34
P 1.11 1.16 1.26 1.09
Cl 0.12 0.1 0.11 0.11
Na 0.42 0.56 0.45 0.33

The surface characteristics after passivation under pure corrosion and tribocorrosion
for S10 and S15 have been summarized in Figure 10. The LENS sample manufactured with
a higher scan speed showed more manufacturing defects that reduced the repassivation
capacity of the passive film, increased the presence of micro-pits in the wear tracks and
showed a much higher volume loss due to corrosion rate accelerated by wear. Overall, the
tribocorrosion behavior of LENS SS316L was better under passive conditions compared
to wrought SS316L but wear mechanisms such as abrasion and plastic deformation still
dominated volume loss. Therefore, even though the intrinsic corrosion resistance of AM
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samples are higher, further work needs to be carried out to improve wear resistance in
AM SS316L.

Figure 10. Summary of passivation under pure corrosion and tribocorrosion conditions for S10
and S15.

4. Conclusions
This study investigated the passivation, localized corrosion and tribocorrosion be-

havior of two LENS SS316L samples manufactured using two different scan speeds. The
following conclusions can be drawn from the results and observations:

• The LENS samples showed the formation of fine, heterogeneous cellular features
enclosed within cell boundaries. S10 (lower scan speed) showed more continuous cell
boundaries whereas S15 (higher scan speed) showed the presence of discontinuous
boundaries. S15 showed the presence of manufacturing defects such as porosities and
lack of fusion. Both samples showed the micro-segregation of Cr and Mo to the cell
boundaries compared to the cell interiors.

• EIS results showed that the passive film formed on S10 was more compact and less
defective than that on S15 with the latter showing a 66% reduction in Rct. Both samples
showed susceptibility to pitting corrosion in PBS with similar breakdown potentials
with the Erep of S15 being lower than S10 by 35%.

• The mean COF during potential application was 0.52 and 0.68 for the S10 and S15 sam-
ples respectively with the S15 sample showing more fluctuations in the sliding current
density which could be due to frequent rupture and repassivation of passive film.

• Pits on the samples after CPP testing showed evidence of cell interior dissolution in
both samples with most of the pits present at or near defects in S15.
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• Volume loss was dominated by wear in both samples with the corrosion rate accel-
erated by wear being much higher than wear rate accelerated by corrosion. The
synergistic contribution, ∆Vs and corrosion rate affected by wear (Vc-w) was signifi-
cantly higher for S15 than for S10 with increases of 61% and 88% respectively.

• The wear tracks showed grooves from abrasion, evidence of plastic deformation and
the formation of bio-tribofilms comprising phosphates at certain regions. S15 also
showed the presence of micro-pits possibly formed at defects.

Although PBS is widely used as a standardized medium for preliminary evaluation of
biomedical implant corrosion behavior, it represents a simplified physiological environ-
ment. Real in vivo conditions involve complex interactions including protein adsorption,
inflammatory species, pH fluctuations, and mechanical loading, all of which can signifi-
cantly alter passive film stability and localized corrosion behavior. Therefore, the present
results should be interpreted as comparative in vitro indicators of corrosion resistance
relevant to early-stage material screening, rather than direct predictors of long-term in vivo
performance. While the impact of these features under pure corrosion was not too sig-
nificant, they negatively impacted the resistance towards synergistic degradation factors.
The process parameters selected for manufacturing SS316L therefore need to be carefully
selected to avoid the formation of such features to better improve tribocorrosion resistance.

5. Study Limitations
This study provides initial insights into the effect of scan speed on the tribocorro-

sion behavior of LENS-fabricated SS316L. However, its statistical scope is limited. Only
two scan speeds were investigated and electrochemical and tribocorrosion measurements
were performed in duplicates, resulting in a small sample size that restricts the robust-
ness of statistical comparisons and trend generalization. While the high cost and process
complexity associated with LENS fabrication constrained the number of experimental
conditions and repeats, future work should incorporate a broader range of scan speeds and
increased replication to enable statistically significant analysis and more definitive conclu-
sions. Furthermore, although the present results highlight promising material behavior,
additional validation including extended testing under physiologically relevant conditions
and in vivo studies is necessary before translation to practical biomedical applications can
be considered.
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Appendix A. Additional SEM-EDS Maps of Wear Tracks

Figure A1. SEM images and energy dispersive X-ray spectroscopy (EDS) maps of wear tracks and
bio-tribofilms formed in PBS on (a,b) S15 and (c,d) S10 after potentiostatic tribo-tests at Epass.
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