POLITECNICO DI TORINO
Repository ISTITUZIONALE

Laser powder bed fusion of copper-bearing AlSI 316 L: Microstructure, biofunctional and corrosion
performance

Original

Laser powder bed fusion of copper-bearing AISI 316 L: Microstructure, biofunctional and corrosion performance / Behjat,
A., Norouzi, E., Kharaziha, M., Suh, J., Bagherifard, S., Khorramian, M., Saboori, A.. - In: MATERIALS
CHARACTERIZATION. - ISSN 1044-5803. - ELETTRONICO. - 229:(2025). [10.1016/j.matchar.2025.115614]

Availability:
This version is available at: 11583/3004236 since: 2025-10-20T07:56:17Z

Publisher:
Elsevier Inc.

Published
DOI:10.1016/j.matchar.2025.115614

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

09 July 2026




Materials Characterization 229 (2025) 115614

L

MATERIALS

CHARMCTERIZATION

Contents lists available at ScienceDirect

Materials Characterization

journal homepage: www.elsevier.com/locate/matchar

Laser powder bed fusion of copper-bearing AISI 316 L: Microstructure,
biofunctional and corrosion performance

Amir Behjat*", Ehsan Norouzi ©, Mahshid Kharaziha 4, Jin-Yoo Suh®, Sara Bagherifard ,
Mahta Khorramian *”, Abdollah Saboori *""

& Department of Management and Production Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
® Integrated Additive Manufacturing Center (IAM@PoliTo), Politecnico di Torino, Corso Castelfidardo 51, 10129 Torino, Italy

¢ Center for Energy Materials Research, Korea Institute of Science and Technology (KIST), Seoul 02792, Republic of Korea

4 Department of Materials Engineering, Isfahan University of Technology, 84156-83111 Isfahan, Iran

¢ Department of Mechanical Engineering, Politecnico di Milano, Milano, Italy

ARTICLE INFO ABSTRACT

Keywords:

Laser powder bed fusion
In-situ alloying

Stainless steel
Electrochemical properties
Antibacterial properties
Cytocompatibility

Developing strategies to impart antibacterial properties to biomaterials while preserving cytocompatibility is
essential for addressing implant-associated infections. In this study, copper-alloyed AISI 316 L stainless steel
produced by laser powder bed fusion (L-PBF) was investigated as a dual-functional biomaterial with both
antibacterial and cytocompatible characteristics. Unlike previous studies that mainly focus on bulk composition,
this study emphasizes the role of microstructural features unique to L-PBF processing, specifically copper micro-
segregation at cellular boundaries and nanoscale oxides and examines how these influence electrochemical
behavior and biological responses. Electrochemical tests suggest that the AISI 316 L-Cu samples exhibit corrosion
behavior comparable to that of conventional AISI 316 L. Nevertheless, the addition of Cu resulted in diminished
pitting resistance, which subsequently affected the characteristics of the passive film. Importantly, AISI 316 L-Cu
demonstrate significant antibacterial activity against both Gram-positive bacteria (Staphylococcus aureus) and
Gram-negative bacteria (Escherichia coli). Moreover, AISI 316 L-Cu reveals in vitro bioactivity and cyto-
compatibility in contact with osteoblast-like MG63 cells, supporting cell proliferation and spreading. The daily
release of copper ions in physiological saline solution is measured at a trace level of parts per billion (2.5 ppb/
cm?), which is considered to pose minimal risk to human health. In summary, AISI 316 L-Cu exhibited a strong
capacity to enhance both antibacterial properties and cytocompatibility, suggesting a distinct advantage for its
application in orthopedic settings.

1. Introduction has become a significant concern, particularly in the biomedical in-

dustry [7,8]. In this field, bacteria pose significant risks of disease and

AISI 316 L stainless steel is widely recognized as one of the most
prevalent biomaterials, primarily due to its exceptional corrosion
resistance in biological environments, which is facilitated by the spon-
taneous development of a thin, adherent oxide surface film [1,2]. Its
biocompatibility, favorable mechanical properties, and cost-
effectiveness contribute to its extensive application in various medical
devices, including fracture fixation systems, surgical sutures, artificial
hip joints, and microvascular and neurosurgical clips [3,4]. However,
stainless steel presents certain challenges, particularly in the context of
inhibiting bacterial attachment, growth, and proliferation [5,6]. This
issue is crucial as reducing bacteria-induced contamination and illness

hygiene-related complications for humans. One promising approach to
address this challenge is the development of inherently antibacterial
materials, including antimicrobial stainless steels [9]. A well-established
method for producing bulk antimicrobial stainless steels involves
alloying with biocidal elements such as copper (Cu) or silver (Ag)
[10,11]. Among them, copper has garnered considerable attention due
to its broad-spectrum antibacterial properties and relatively lower ma-
terial cost compared to silver [12]. Copper is a significant element in
metallic biomaterials, playing a crucial role in bone fracture healing,
exhibiting antibacterial properties, and contributing to cardiovascular
health [13,14]. Given the robust antibacterial efficacy of copper and the
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challenges associated with implant-related infections in orthopedics,
there has been a growing interest in Cu-containing implantable mate-
rials. Recently, copper has been extensively utilized in the development
of antibacterial materials, with several reviews addressing various
forms, including Cu-containing ceramics [15,16], Cu-containing poly-
mer composites [17,18], and Cu-containing metal alloys [19,20].
Studies have demonstrated that the incorporation of copper into alloys
can impart antibacterial properties to the material [12,13,21]. The
concentration of this antibacterial alloying element in stainless steel is
crucial in determining its antibacterial efficacy, with higher concentra-
tions typically correlating with enhanced antibacterial performance
[14,22]. However, it is important to note that elevated levels of copper
ions can inhibit growth and exhibit toxic effects on human health.
Furthermore, an increased copper content may adversely affect the
mechanical properties and corrosion resistance of the alloys [23,24].

Additive manufacturing (AM) represents a transformative technol-
ogy, not only due to its capacity to produce components with intricate
geometries, but also because it facilitates unique opportunities for
controlling microstructures and designing materials [25-27]. Unlike
traditional manufacturing techniques such as casting, forging, and hot
rolling, AM provides enhanced degrees of freedom for tailoring the
material microstructure across various length scales [28]. Among the
various AM methods, laser powder bed fusion (L-PBF), commonly
referred to as selective laser melting (SLM), is the most extensively
utilized technique for the fabrication of stainless steels [29,30]. This
preference is attributed to the relatively abundant availability of raw
powders, significant design flexibility, and the potential for cost and
time efficiencies. Currently, existing research on AM alloys is primarily
focused on commercially available alloys. Nevertheless, exploring novel
methodologies aimed at enhancing functionality and performance, and
developing new alloys specifically designed for AM through the incor-
poration of suitable elements, represents a compelling area of inquiry
[31,32].

To this aim, this study proposed and developed a novel Cu-bearing
stainless steel for biomedical applications and conducted a compre-
hensive investigation into its microstructure, electrochemical corrosion
resistance, antibacterial properties, and biocompatibility. The potential
of this alloy as a new material for orthopedic implants, along with the
associated antibacterial mechanisms, is thoroughly examined for the
first time.

2. Materials and methods
2.1. Materials

AISI 316 L powders (Oerlikon, particle size range of 10-45 pm) were
subjected to mechanical mixing with copper powders (Sandvik Osprey
Ltd., 99 % purity, particle size lower than 13 pm) at a composition of 4
wt% for a duration of 16 h within a tubular mixer. The composition is
detailed in Table 1. The morphology of the AISI 316 L-Cu powder
mixture is illustrated in Fig. 1(a). These figures indicate that the majority
of the initial powder particles display spherical geometries, accompa-
nied by a uniform distribution of the constituent materials. Indeed, this
finding corroborates that the fine copper particles were arranged as
satellites surrounding the AISI 316 L particles, thereby facilitating a
uniform distribution of copper within the AISI 316 L matrix following
the printing process. The EDS map analysis of the blended powders
revealing a uniform distribution of copper particles within the AISI 316
L matrix powder. The particle size distributions of the initial powders
were evaluated utilizing an image analysis methodology. The resulting
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histograms are presented in Fig. 1(b). The data illustrate that the
average particle size for the starting AISI 316 L and copper powders is
27 pm (dlo =13 pm, d50 =23 pm, dgo =40 pI’l‘l) and 6.3 pm (dlo =31
pm, dso = 5.3 pm, dgo = 13.1 pm), respectively. For electrochemical
analysis and in vitro bioactivity, simulated Body Fluid (SBF) was pre-
pared according to the protocol established by Kokubo [33]. For a cell
culture study, the osteoblast-like MG63 cell-line was purchased from the
National Cell Bank of Iran at the Pasteur Institute. Dulbecco’s Modified
Eagle Medium (DMEM), supplemented with 10 % fetal bovine serum
(FBS), phosphate buffer saline (PBS), and 1 % penicillin/streptomycin
were obtained from Bioidea, Iran. Dimethyl sulfoxide (DMSO),
methylthiazolyldiphenyl-tetrazolium bromide (MTT), and glutaralde-
hyde (25 %) were purchased from Sigma. Moreover, deionized distilled
water (DDW) was used in all experiments.

2.2. Preparation of L-PBF cu-bearing AISI 316 L alloys

Prior to sample preparation, the powders were pre-dried for 2 h to
remove moisture content. The commercial AISI 316 substrate was pre-
pared by sanding with 120 mesh silicon carbide paper and subsequently
cleaned with ethanol. The Cu-containing stainless steel samples,
measuring 10 mm in diameter and 5 mm in thickness, were produced
using an L-PBF machine (Mlab-Cusing R, Concept Laser, Germany). This
process was conducted in a high-purity argon gas atmosphere, utilizing a
scanning speed of 500 mm/s, a laser power of 95 W, and a hatch spacing
of 84 ym. The AISI 316 L alloy was produced in a cylindrical form,
measuring 10 mm in diameter and 5 mm in height, utilizing consistent
processing parameters, except for the addition of copper powder.
Further details regarding this methodology are available in our previous
publications [34-36].

2.3. Microstructural characterization

Prior to microstructural analysis, samples were sectioned along the
building direction (BD) and subjected to sanding with silicon carbide
(SiC) paper, progressing from 300 grit to 4000 grit. Subsequently, the
samples were polished using 1 pm diamond paste and electrolytically
etched in a 65 % nitric acid solution for 20 s at a voltage of 10 V. The
microstructure and elemental distribution of the etched samples were
examined utilizing scanning electron microscopy (SEM, Philips XL,
Netherlands) equipped with an energy-dispersive X-ray spectrometer
(EDS). High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM), bright field (BF) imaging, and EDS analysis
were employed to visualize and confirm the presence of copper. Samples
intended for TEM were prepared through focused ion beam (FIB), and
TEM characterization was performed using FEI-TALOS with 200 kV
accelerating voltage. Additionally, for electron backscatter diffraction
(EBSD) analysis, the polished samples underwent electropolishing in a
10 vol% perchloric acid electrolyte at 25 °C, with an electrolysis voltage
of 40 V for 5 s. During the EBSD examination, a SEM integrated with an
EBSD probe was operated at 20 kV with a scan step of 0.35 pm.

2.4. Wettability measurements

Water contact angle measurements were performed utilizing the
sessile drop technique in combination with image analysis. A micro-
syringe was utilized to deposit approximately 10 pL of ultrapure
deionized water on the surfaces of the samples. A total of five mea-
surements were executed for each series to determine the average static
contact angle at ambient temperature.

Table 1

Nominal chemical composition of the AISI 316 L-Cu powder feedstock used in this research.
Elements Cr Ni Mo Cu C Mn Si P S Fe
AISI 316 L-cu (wt%) 17.42 9.50 3.04 3.57 0.02 2.41 0.48 0.022 0.01 Bal.
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Fig. 1. (a) The morphology and high magnification of powder mixture with corresponding EDS analysis of the powders and elemental maps, and (b) particle size

distributions histograms of AISI 316 L and copper powders.

2.5. X-ray photoelectron spectroscopy

An X-ray photoelectron spectrometer (XPS; FlexPS, Specs, Germany),
utilizing an Al—K X-ray source with an energy of 1486.6 eV, was
employed to investigate the compositional characteristics of the oxide
films in the samples. High-resolution scanning was conducted for the
elements iron (Fe), chromium (Cr), and copper. All spectral data were
calibrated to a carbon 1 s (C 1 s) binding energy of 284.8 eV. The peak
fitting analysis of the original XPS data was carried out using CasaXPS

software (Version 2.3.15, USA).

2.6. Electrochemical test

Electrochemical assessments were performed utilizing an electro-
chemical workstation (PARASTAT 2273, Princeton Applied Research) in
conjunction with a three-electrode electrolytic cell configuration. In this
setup, the working electrode was represented by the sample under
investigation, the reference electrode was a saturated Ag/AgCl, and the
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auxiliary electrode consisted of a platinum plate. Prior to testing, the
samples were prepared by grinding with silicon carbide paper to a grit
size of 1200, followed by a 10-min ultrasonic cleaning in pure ethanol.
Subsequently, 200 mL of SBF solution, with an initial pH of approxi-
mately 7.2, was added into the electrolytic cell, ensuring a contact area
of 0.7 cm? between the working electrode and the solution. Prior to
conducting the tests, the samples were immersed in SBF for 30 min to
establish a stable open-circuit potential (OCP). Electrochemical imped-
ance spectroscopy (EIS) measurements were performed across a fre-
quency spectrum ranging from 10° Hz to 1072 Hz, utilizing a
perturbation signal of 10 mV. The resulting EIS data were subsequently
analyzed and fitted using Z-View software. Cyclic potentiodynamic po-
larization (CPP) scans commenced at —0.25 mV relative to a saturated
Ag/AgCl reference electrode, with a scanning rate of 1 mV/s. The scans
were reversed upon reaching a current density of 1 mA and were
terminated upon the occurrence of cathodic polarization. For the
Mott-Schottky (M-S) analysis, the capacitance of the film was assessed
at a frequency of 1 kHz by sweeping the applied potential in the cathodic
direction from the passivation potential at a scan rate of 10 mV/s. All
aforementioned electrochemical tests were conducted a minimum of
three times to ensure accuracy and reliability of the results.

2.7. Copper ion concentration

The concentration of copper ions released from the AISI 316 L-Cu
samples was quantified after 1, 4, and 28 days of incubation at 37 °C,
utilizing an atomic absorption spectrophotometer (ICP-MS; Perkin
Elmer, USA) for measurement. The AISI 316 L-Cu samples were sub-
merged in 25 ml centrifuge tubes containing 15 ml of PBS solution at a
pH of 7.4.

2.8. In vitro bioactivity evolution

The apatite-forming ability test was conducted to investigate the
capacity of the alloys to facilitate apatite precipitation on their surfaces.
The samples were immersed in SBF solution and maintained at 37 °C for
28 days. Subsequently, the samples were retrieved from the SBF, rinsed
with distilled water, and dried in an oven. To analyze the surface
morphology and composition, SEM and EDX were utilized.

2.9. Antibacterial activity

2.9.1. Plate-count method

Prior to conducting antibacterial experiments, the samples were
sterilized via autoclaving for 20 min. For the antibacterial assays, 0.5
McFarland suspensions of Escherichia coli ATCC25922 (E. coli) and
Staphylococcus aureus ATCC25923 (S. aureus) were prepared and sub-
sequently diluted by a factor of 100 to reduce the concentration of
colony-forming units (CFU). Then, the alloy discs were positioned at the
base of a culture plate, where 20 pL of each bacterial suspension with a
concentration of 108 CFU/mL was applied to the surface of the discs. The
discs were then covered with sterilized microscopic cover glasses and
incubated at 37 °C in an environment containing 5 % CO2 and 95 %
relative humidity for a duration of 24 h. Following this incubation
period, each alloy disc, along with its cover glass, was transferred to a
test tube containing 5 mL of PBS. The contents were mixed, and 50 pL of
each resultant suspension was evenly spread onto an agar plate. The
agar plates were incubated at 37 °C for 24 h, after which the colonies
were enumerated. To assess the antibacterial properties of the samples,
the antibacterial rate in percentage (%R) was calculated by taking the
difference between the number of colonies on the control plate and the
sample, and dividing it by the number of colonies in the control sample,
as expressed in Eq. (1):

Neontrol — Nsample *100 (1)

Ncontrol

R (%) =
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2.9.2. Morphology of bacteria

The bacterial suspensions present on the sample surfaces were
removed using a PBS solution through three wash cycles. Subsequently,
the samples were subjected to a fixation process utilizing 2.5 % glutar-
aldehyde solution for a minimum duration of two hours. Upon
completion of the fixation, the glutaraldehyde solution was eliminated,
and the samples underwent a dehydration protocol involving a series of
1 mL ethanol solutions at varying concentrations (30 %, 50 %, 70 %, 90
%, and 100 %) for 20 min, aimed at immobilizing the biofilms on the
sample surfaces. Following the dehydration phase, the samples were
dried in an oven. Finally, an analysis of the surface morphology and
bacterial distribution on the samples was performed using SEM after the
application of a gold sputter coating.

2.10. Cell culture

The MG63 cell line was utilized to evaluate the cytotoxicity of the
printed alloys. The cells were cultured in a humidified incubator with 5
% CO5 at 37 °C. prior to cell seeding, the samples underwent sterilization
by immersion in 70 % ethanol for 20 min, followed by ultraviolet (UV)
irradiation on both surfaces for 4 h. After sterilization, the samples were
immersed in the cell culture medium overnight. The following day, the
medium was removed, and the cells were subsequently seeded onto the
samples and tissue culture plate (TCP, control) at a density of 10* cells
per sample. Subsequently, the samples were incubated, and the media
was replaced every two days.

2.10.1. Cell proliferation evaluation

To assess the relative cell viability cultured on the samples, the MTT
assay was performed according to the manufacturer’s protocol (Sigma).
Briefly, at various incubation times (1, 3, and 7 days), the medium was
replaced with a fresh MTT solution (0.5 mg/mL in PBS) and incubated
for 4 h to facilitate the formation of formazan crystals. Following the
dissolution of formazan crystals in DMSO, the absorbance of the resul-
tant solution was quantified using a Bio-Rad Instrument (model 680,
USA) at 490 nm. The experiments were conducted for a minimum of
three times, and cell viability was determined using the following Eq.
(2):

OD (sample) — OD (blank)

Relative cell viability = OD (control) — OD (blank) x 100 2

where OD(sample), OD(blank), and OD(control) refer to the absorbance
of the samples containing cells, DMSO, and cells without any samples.

2.10.2. Cell adhesion and morphological characterization

The morphology of cells seeded on the samples was studied using
SEM. Following 1 and 7 days of culture, cells were fixed using a 2.5 %
glutaraldehyde solution for 20 min and subsequently underwent dehy-
dration in a gradient mixture of ethanol and distilled water (30, 50, 70,
90, and 95 %), with each concentration maintained for 10 min, followed
by air drying. Finally, the samples were coated with a thin layer of gold
and examined using SEM.

3. Results and discussion
3.1. Microstructure

Fig. 2 illustrates the EBSD results for AISI 316 L and AISI 316 L-Cu.
The grain boundary coloring distribution in Fig. 2(a, d) is categorized
into high angles (black colors) and low angles (green and blue colors).
The results indicate that the incorporation of copper leads to a refine-
ment of the large columnar grains in AISI 316 L, resulting in the for-
mation of smaller columnar grains and some equiaxed grains. This
modification significantly enhances the proportion of high-angle grain
boundaries (HAGB), characterized by misorientation angles exceeding
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Fig. 2. Results of EBSD analysis: (a,d) Image quality with grain boundaries, (b,e) KAM results, and (c,f) IPF maps for the as-built AISI 316 L and AISI 316 L-Cu

samples, respectively.

15°. The microstructural analysis of AISI 316 L-Cu reveals that the rapid
solidification process effectively suppresses grain growth. The charac-
teristics of the solidification structure are determined by the contribu-
tions of the temperature gradient (G) and the cooling rate (R) [37,38].
As the product of G and R increases, the solidification structure becomes
more refined. Parameter R is influenced by various factors, including
thermal conductivity and the degree of constitutional undercooling
[35,36]. Copper demonstrates significantly higher thermal conductivity
compared to AISI 316 L (385 W/m.K vs. 10-30 W/m.K). This enhanced
thermal conductivity facilitates a higher cooling rate of the molten pool
at the same laser energy. Consequently, the incorporation of copper
results in an increased heat transfer rate within the molten pool, leading
to a substantial degree of undercooling. This higher undercooling pro-
vides an increased driving force for the solidification process, thereby
enhancing the nucleation rate and promoting grain refinement [39,40].
The resultant refined grains expand the total grain boundary area and
serve as obstacles to dislocation movement.

Furthermore, copper atoms are incorporated into the metallic matrix
at concentrations generally ranging from 0.5 % to 4 % by weight. The

addition of copper as substitutional solute atoms within the matrix in-
duces lattice distortions, attributable to the minor difference in atomic
radii between copper and iron (0.128 nm compared to 0.126 nm) [37].
Typically, such lattice distortions inhibit dislocation movement, result-
ing in enhanced strength and reduced plasticity. This influence on the
microstructure can be demonstrated through Kernel Average Misorien-
tation (KAM) maps, as illustrated in the accompanying Fig. 2(b,e). The
KAM maps illustrate the distribution of dislocation density, with higher
KAM values generally indicating higher dislocation density [41]. This
difference is not immediately apparent, as both samples exhibit a similar
tendency, with KAM values predominantly located at the grain bound-
aries. An inverse pole figure (IPF) map, which depicts the crystallo-
graphic orientation with respect to the Z-axis that corresponds to the BD,
was generated based on the results of the EBSD analysis, as presented in
Figs. 2(c) and 2 (f). As shown, the grains in both samples predominantly
exhibit a columnar structure aligned with the BD. The slight texture
observed parallel to the BD is reflected in the IPF for AISI 316 L. In face-
centered cubic (FCC) materials such as AISI 316 L, the preferred crys-
tallographic growth direction for cells or dendrites is along the (100)

Fig. 3. (a-c) The cross-sectional SEM images of the AIS I316L-Cu and (d) the corresponding SEM-EDS copper element.
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axis [42]. However, due to the curvature of the molten pool boundaries,
the <100> axes of the cellular subgrains tend to deviate from the BD.
Previous studies have indicated that the application of scan rotation
results in the formation of a complex grain structure comprising twisted
and curved grains, which are associated with an increased density of
HAGBs [43,44].

The results obtained from SEM and TEM, as illustrated in Figs. (3-6),
are utilized to conduct a detailed examination of the cellular structure of
AISI 316 L-Cu fabricated via L-PBF. The SEM images presented in Fig. 3
(a) depict the microstructure of AISI 316 L-Cu, which typically exhibits a
highly hierarchical arrangement characterized by cellular subgrains
embedded within the grain structures. The inhomogeneous nucleation
of grains in a new melt pool could result in multiple subgrains within a
melt pool. At higher magnification, as depicted in Fig. 3(b,c), the etched
microstructure reveals distinct cellular subgrain characteristics, which
are commonly observed in LPBF-fabricated AISI 316 L [45,46]. Sub-
grains were extremely fine, approximately 0.3 to 0.8 pm in diameter.
These cellular features are predominantly confined within the individual
grains, exhibiting only minor local variations in orientation. The anal-
ysis does not display any significant contrast indicative of a secondary
phase at this scale, aside from the presence of oxide inclusions.
Furthermore, as shown in Fig. 3(d), EDS results indicate the absence of
copper segregation at the austenite matrix, suggesting that copper is
uniformly distributed throughout the metallic matrix, forming a solid
solution during AM.

To obtain further insights into the crystallographic structure, TEM
was employed. Thin foils from the cross-sectional layer (y-z plane) of
LPBF- AISI 316 L-Cu were analyzed using scanning transmission electron
microscopy (STEM) in dark modes to enhance the characterization of
copper distributions and dislocations within the cellular structures. As
illustrated in Fig. 4(a,c), the high-angle annular dark field (HAADF)
images reveal a distinct bright and discontinuous boundary between the
cells and their respective boundaries. Additionally, a significant pres-
ence of highly dispersed nano-oxides, represented as black circles of
varying diameters, was predominantly observed at the cell boundaries
and within the cells themselves.

To gain a further understanding of the elemental distribution at
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cellular boundaries, STEM-EDS mapping was utilized. As illustrated in
Fig. 4(b), the AISI 316 L-Cu alloy exhibits a distinctive cellular structure
characteristic of AISI 316 L, along with the presence of discrete copper-
rich segregations at the cell boundaries, resulting from rapid solidifi-
cation. No partitioning was observed in copper and molybdenum. In
general, grain boundaries in polycrystalline materials can serve as
pathways for the rapid diffusion of atoms, which may lead to the pref-
erential segregation of elements at the end of the solidification process
[47,48]. This phenomenon results in a more pronounced copper-rich
region surrounding the subgrain boundary compared to that within
the subgrain itself. Moreover, the difference between the melting point
of AISI 316 L and copper (1450 °C compared to 1085 °C) could cause this
phenomenon, in which copper solidifies and segregates at the cell
boundaries during rapid solidification at the end of the solidification
process. STEM-EDS mapping of the spherical particles as nano-sized
oxides revealed a significant enrichment of manganese (Mn) and sili-
con (Si), as illustrated in Fig. 4(b). The chemical composition of these
particles aligns with that of MnSiO3 Rhodonite, which is commonly
found in manganese/silicon deoxidized steels [49].

Fig. 5(a) depicts oxide particles in more detail. As shown, these
particles were spherical and relatively small, measuring approximately
15 nm in size, and exhibited a uniform spatial distribution at the cell
boundaries and within the cells. Several authors have demonstrated that
these particles primarily originate from oxides present within the pow-
der used during atomization. These oxides dissolve due to the high-
power laser in AM, and then the rapid solidification refines the di-
mensions of oxide inclusions [50,51]. STEM-EDS analysis of one
particular oxide in Fig. 5(b) interestingly indicated the presence of
segregated copper surrounding it. This phenomenon occurred around
some nano-oxide particles, which could be attributed to inhomogeneous
nucleation and the accumulation of copper around them. This phe-
nomenon may contribute to the release of copper ions, which is asso-
ciated with the antibacterial effect that will be discussed in the next
sections. A schematic of the mechanism that could induce micro-
segregation of copper at the cell boundaries and oxide particles during
solidification in L-PBF AISI 316 L-Cu alloy is shown in Fig. 5(c).

Fig. 6 displays a bright field TEM image taken along the [001] zone

Fig. 4. (a) STEM results of AISI 316 L-Cu, (b) magnified HAADF image and corresponding STEM-EDS results of site A.



A. Behjat et al.

200 nm

'HAADF

AISI 316L + Cu liquid
T>1450°C

AISI 316L solidified + Cu liquid
1450 °C>T=> 1100 °C

Materials Characterization 229 (2025) 115614

Cu atom
segregation

Oxide decorated by Cu

AISI 3161 — Cu solidified
1100°C >T

.
>

Decreasing temperature during solidification

Fig. 5. (a) HAADF image of the cellular structure showing the oxides (black particles) (b) magnified HAADF image and the corresponding STEM-EDS results of site A
(c) schematic of the copper segregation during solidification of L-PBF AISI 316 L-Cu.

axis, accompanied by a selected area electron diffraction (SAED)
pattern. As illustrated in Fig. 6(a), the bright field mode reveals distinct
cellular solidification structures characterized by a high density of dis-
locations at the boundaries of the cells [52-54]. Furthermore, Fig. 6(b-d)
indicates that the dislocation cells present in the as-built sample consist
of a complex arrangement of highly entangled dislocations. A consid-
erable concentration of dislocations is noted within the cell structure,
with a marked accumulation occurring at the cell boundaries. As illus-
trated in Fig. 6(e), no additional reflection spots are observable apart
from the matrix, suggesting a high degree of coherency between the
copper-rich regions and the austenitic matrix of AISI 316 L-Cu stainless
steel. The lattice constant of the austenitic matrix closely approximates
that of copper, resulting in a minimal lattice constant misfit (Aa/o)
[55-58]. Consequently, the diffraction spots corresponding to the
copper-rich regions and the matrix are challenging to differentiate due
to the negligible misfit in lattice constants and atomic radii, thereby
indicating a strong coherence between copper segregate regions and the
austenitic matrix.

3.2. Surface characteristics

The physicochemical characteristics of interfaces, including
composition, hydrophobicity, and surface charge of metallic alloys,
significantly influence their corrosion and biological behavior [59,60].
In this study, the water contact angle of the alloy was analyzed to assess
its wettability, as illustrated in Fig. 7(a). It is important to note that the

wettability of a surface is also affected by its roughness; therefore, efforts
were made to ensure that all surfaces exhibited comparable roughness
after grinding. This was verified using a profilometer, which recorded a
roughness value ranging from 0.9 to 1.2 pm for both alloys. The results
indicate that the water contact angle for AISI 316 L-Cu was 66.5° + 3.2°,
while that for the reference AISI 316 L was 73.2° &+ 2.7°. The lower
contact angle indicates that the surface of the Cu-containing steel is
more hydrophilic than that of the Cu-free steel.

Moreover, the corrosion resistance and biological behavior of
stainless steel are profoundly influenced by the composition of the
passivation film that forms on its surface [61-63]. Therefore, XPS ana-
lyses were performed to provide a more detailed understanding of the
properties of this protective film. Fig. 7(b,c) displays high-resolution
XPS spectra for Fe 2p, Cr 2p, and Cu 2p of the examined samples. For
both samples, the Fe 2p spectra indicate the presence of iron in both the
FeZ* and Fe*' oxidation states, which are the principal constituents of
the film. The Fe?" species is likely representative of FeO, whereas the
Fe>" species may be linked to FeyO3. The Cr 2p spectra indicate the
presence of CrpO3, which serves as the anti-corrosive element within the
film. Thus, the passive layer comprises not only CryO3 but also some
oxidized iron, suggesting that iron participates in the passivation process
on the surface of stainless steel, forming a mixture of oxides (Fe/Cr)xOy.
This finding aligns with previous research in the field [37,64,65]. This is
consistent with the Cu 2p spectra, which indicate that the binding en-
ergy of Cu 2p at 931.1 eV corresponds to Cu20 in the AISI 316 L-Cu
samples. The presence of the Cuy0 characteristic peak on the surface of
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Fig. 6. (a) TEM results of the cellular structure of the AISI 316 L-Cu, (b,c) cell boundaries and dislocation structures, and (d,e) TEM image of site C and the cor-

responding SAED of site C.

AISI 316 L-Cu suggests that copper contributes to the formation of the
passive film on this substrate. Consequently, in addition to iron and
chromium, copper is also subject to oxidation, leading to the develop-
ment of a thicker mixed passive film on the AISI 316 L-Cu surface.
Therefore, the composition of the passive film can be represented as (Fe/
Cr/Cu)xOy.

3.3. Electrochemical test and passivation film analysis

Stainless steels exhibit remarkable corrosion resistance, which is
attributed to the development of a dense oxide film on their surface.
Numerous studies have demonstrated that this oxide film, composed of
iron and chromium oxides, effectively protects stainless steel from cor-
rosive environments, playing a crucial role in corrosion resistance
[66-68]. Fig. 8 illustrates the electrochemical findings for AISI 316 L
and AISI 316 L-Cu, assessed in an SBF solution at a pH of 7.3 and a
temperature of 37 °C. The relevant electrochemical parameters and the
results of the fitting analyses are detailed in Tables 2 and 3.

Fig. 8(a) illustrates the variation in OCP for both alloys. The data
suggest that, over time, the OCP of the samples shifts towards more
positive values (anodic direction), which signifies the development of a
passive film on their surface. The consistently smooth OCP curves do not
exhibit any signs of metastable or active pitting corrosion. Furthermore,
incorporating copper results in a shift of the equilibrium open circuit

potential Eocp towards a more active state when compared to AISI 316
L.

The CPP curves for both AISI 316 L and AISI 316 L-Cu are presented
in Fig. 8(b), with the direction of polarization denoted by black arrows.
The electrochemical parameters, including corrosion current density
(Icorr), passive current density (Ipess), and corrosion potential (Ecorr),
derived from the polarization curves are detailed in Table 2. The results
indicate no significant differences in E.qr and I, between AISI 316 L
and AISI 316 L-Cu, suggesting that the incorporation of copper into AISI
316 L does not adversely affect the uniform corrosion resistance of the
alloy. However, it is noteworthy that the pitting corrosion potential (Ep;)
of AISI 316 L-Cu is reduced to 482 + 112 mV compared to AISI 316 L,
indicating a diminished resistance to pitting corrosion attributed to the
addition of copper. This aspect is particularly critical for metallic bio-
materials, especially in the context of orthopedic implants, as pitting
sites can serve as initiation points for cracks, thereby compromising the
mechanical integrity of the implants [69,70]. Consequently, future
research should focus on enhancing pitting corrosion resistance while
minimizing copper ion release.

The breakdown of passivity in stainless steels is predominantly
linked to the presence of defects within the passive oxide film, which are
primarily attributed to microstructural imperfections in the substrate,
such as porosity and chemical inhomogeneity [61,62,71]. The AISI 316
L specimen exhibits a notably extended passive behavior, as evidenced
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Fig. 7. (@) Variations of water contact angle and surface roughness parameters, (b,c) XPS spectra of Fe 2p, Cr 2p, and Cu 2p for AISI 316 L and AISI 316 L-Cu,

respectively.

by the CPP curves (refer to Fig. 8(b)). Table 2 delineates the difference
between the potential at which a marked increase in anodic current is
detected as an Ey;; and Eor. These values serve to illustrate the passivity
range of each specimen within the anodic polarization curves. A more
extensive area of the positive hysteresis loop observed during the reverse
sweep of the samples signifies a heightened susceptibility to pitting
corrosion [72]. Additionally, significant variations were noted in the re-
passivation characteristics of the samples. The re-passivation potential
(Eyey) is defined as the intersection point between the reverse and for-
ward scans. A more negative value of E,, indicates a lower resistance of
the material to pit propagation. Consequently, the findings suggest that
the incorporation of copper into the steel matrix diminishes passivation
kinetics while facilitating pit stabilization, which aligns with prior
experimental findings [64,73-76]. Sourisseau et al. posited that in a
neutral chloride environment, the delay in pitting repassivation induced
by copper is the primary factor contributing to a reduction in pitting
resistance. This implies that metallic copper hinders the formation of a
passive film within an individual pit by redepositing on the pit wall,
thereby obstructing the oxidation of metallic atoms, specifically iron and

chromium, located beneath [74]. Furthermore, Huang et al. investigated
the impact of copper distribution within microstructures, whether in
solid solution or segregated into precipitates, on the corrosion resistance
and antimicrobial properties of an AISI 304 L alloy containing 4 wt%
copper. Their findings indicated that when copper is present in precip-
itate form, pitting corrosion tends to initiate from these precipitates due
to their lower corrosion resistance compared to the surrounding passive
layer. They concluded that, in terms of improving corrosion resistance,
the retention of copper in a solid solution constitutes a more effective
alloy design approach for stainless steels containing copper [75].
Following the CPP tests, the morphology of the corrosion attacks on
the samples was analyzed using SEM, as shown in Fig. 9(a-d). The AISI
316 L-Cu sample exhibited significantly larger corrosion pits in com-
parison to the AISI 316 L material, which can be attributed to the larger
positive hysteresis loop during the CPP process. EDS point analyses of
the corroded AISI 316 L-copper sample revealed that the copper content
in the vicinity of the pits was elevated relative to that on the surface of
the samples. This copper accumulation around and within the pits may
hinder the formation of a passive film and impede the repassivation
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curve, and (e) Mott-Schottky curve.

process.

According to the above-mentioned results, Fig. 9(e) sums up the
mechanism of action of copper on pitting corrosion observed on L-PBF
AISI 316 L-Cu in SBF solution. In the initial stage, immediately following
the commencement of CPP, a layer of oxidized products primarily
consisting of metallic oxides ((Fe/Cr/Cu)yOy) forms at the material
surface in contact with the SBF. Concurrently, due to the potential dif-
ferences among the chromium, iron, and copper elements, metal cations
such as Cr’*, Fe?*, Fe>*, and Cu®" are generated. These cations migrate
along the passive layer and interact with anions present in the solution,
such as CI~ and OH™ [77]. This interaction results in a diminished sta-
bility of the passive layer, leading to its thinning. In the intermediate

10

phase, as the potential increases during CPP, the diffusion of anions
towards the passive layer is enhanced, which subsequently accelerates
the dissolution rate of the passivation film. Subsequently, the passiv-
ation film undergoes breakdown, leading to the initiation of pits in areas
where the passive film is deficient [78,79]. In the final stages of corro-
sion, pits expand as the matrix dissolves, with metallic ions such as
copper remaining in an active state. Following the occurrence of pitting
and the reversal of current density, the potential decreases, resulting in
the reduction of dissolved copper ions alongside other ions, such as iron
and chromium, which subsequently adhere to the surfaces of the ion-
dissolved regions, including the pits. Concurrently, cations and anions
in the solution reacted to form corrosion products, and the repassivation
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Table 2
Electrochemical parameters of the samples based on the CPP curve in the SBF
solution.

Materials Parameters
Leorr Tpass Ecorr Epic Erev (V) Epir- Epie-
(nA/ (hA/ W) W) Ecorr Erev
cm?) cm?) w) W
AISI 316 0.42 5.82 -0.19 0.78 0.41 + 0.97 0.37
L + + + 0.07 + 0.01 + +
0.04 0.04 0.09 0.07 0.08
AISI 316 0.57 7.33 -0.17 0.48 —0.10 0.65 0.58
L-cu + + + 0.08 + + 0.03 + +
0.03 0.03 0.10 0.02 0.07
Table 3

Fitting parameters and film thickness obtained from equivalent electrical circuit
fitting.

Materials Parameters
Rs (Qem?)  CPE (uQ . n R¢ dfilm
sn.cm™2) (MQcm?) (nm)
79.46 + 0.93 + 0.69 + 1.83 +
AISI 316 L 0.23 12.66 + 5.41 0.03 011 0.07
AISI 316 L- 94.34 + 0.88 + 0.21 + 2.87 +
cu 0.15 1382+ 678 0.09 0.14 0.14

(e)

SBF solution SBF solution

e
QQAAOAﬂ
nmnammA@

AISI 3161.-Cu

Initial stage

AISI 316L-Cu

Medium stage
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of pits occurred [62,80]. However, the redeposition of copper, whether
in metallic or oxide form, in proximity to the pits impedes the formation
of the passive film and obstructs repassivation by inhibiting the oxida-
tion of chromium and iron ions within the pits [74].

To elucidate the characteristics of the formed passive layer, it is
essential to analyze the alloy utilizing EIS and M-S techniques. EIS serves
as a non-destructive and highly sensitive approach for acquiring insights
into the properties of the surface layer and the corrosion mechanisms
prevalent in a specific environment [63]. Figs. 8(c,d) illustrate the
Nyquist and Bode plots. The Nyquist plots reveal a singular capacitive
loop across the entire frequency spectrum for both samples, suggesting
the presence of a protective surface layer. Notably, a pronounced
capacitive behavior is observed from medium to low frequencies, with
phase angles nearing —80°. Such elevated phase angles are character-
istic of passive materials and signify the substantial stability of the
generated oxide films [62,81]. These findings align with the low
corrosion current densities obtained from polarization tests, as detailed
in Table 2. However, a comparative analysis of the two samples in-
dicates that AISI 316 L-Cu exhibits a smaller impedance arc diameter, |
Z|, and phase angle relative to AISI 316 L. This observation suggests a
decrease in the corrosion resistance and stability of the passivation film
in AISI 316 L-Cu, corroborating the results obtained from the CPP
assessments.

To derive the electrochemical parameters, an equivalent circuit, as
illustrated in the inset of Fig. 8(c), was employed to fit the experimental
results obtained from EIS. The parameters of the equivalent circuit,

Corrosion products

eﬂ -~ e ﬂ O\e ™
0000™00™
AISI 3161.-Cu

Final stage

>

Increasing potential during CPP test

Fig. 9. SEM images of surface morphology for samples after CPP test (a,b) AISI 316 L, (c,d) AISI 316 L-Cu, and (e) Schematic illustration of corrosion mechanism

proposed during CPP test for AISI 316 L-Cu.
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which include solution resistance (R;), constant phase element (CPE),
and the resistance of the oxide film (Ry), are presented in Table 3. To
account for non-ideal capacitance, the CPE is utilized in place of the
conventional capacitance associated with the electrical double layer.
The capacitive reactance can be articulated as follows (Eq. (3)) [82]:

Zepp = Qo) ! 3)
where Q, j, and ® represent the magnitude of the CPE, the imaginary
unit, and the angular frequency, respectively. The Brug model was
employed to determine the effective capacitance (Cef) of each passive
layer (Eq. (4)) [83]:

Cor = /QRI™

where the total resistance (R7) is determined by the summation of the Ry
and Ry. The flat region observed in the high-frequency domain of the
Bode impedance plot, as illustrated in Fig. 8(d), indicates that Rs is
approximately 10* times smaller than Ry. Consequently, the influence of
R on the corrosion behavior of the samples is minimal and can be
considered negligible. As presented in Table 3, the Ry for the AISI 316 L-
Cu alloy is measured at 0.21 + 0.14 MQcm?, which is roughly one-third
of the value for AISI 316 L alloy (0.69 + 0.11 MQcm?). A lower Ryvalue
correlates with diminished stability of the passivation film. Therefore, it
can be inferred that the incorporation of copper decreased the corrosion
resistance of the original alloy. Given that the only distinction between
the two stainless steel variants is the addition of copper, it is plausible
that copper takes part in the formation of the oxide film on the alloy
surface, which may account for the alteration in the thickness of the
oxide film on the AISI 316 L-Cu alloy. The thickness of the oxide film
(dfm) developed on the samples’ surface can be calculated by Eq. (5):

4

ee0
~Cy ()]

dfilm

where &g, ¢, A, and Cef denote the permittivity of vacuum (i.e., 8.85 x
10714 F/cm), the dielectric constant of the oxide (e,g., CryOs is 15.6
[68,81]), and the effective capacitance. The estimated thickness of the
oxide film formed on the AISI 316 L and AISI 316 L-Cu samples was
determined to be 1.73 + 0.07 nm and 2.87 + 0.14 nm, respectively. The
observed increase in passive layer thickness in the presence of copper
can be attributed to the enhanced dissolution rate of the AISI 316 L-Cu
alloy, which facilitates the formation of more electrochemically stable
corrosion products on the surface. Furthermore, the presence of copper
ions within the passive film diminishes the stability of the oxide layer
and increases the charge transfer flux. Indeed, the incorporation of
copper not only enhances the doping level of the passivation film but
also increases the propensity of the metal anode to lose electrons
[37,84]. These conditions ultimately lead to an enhanced dissolution of
elements, which corresponds to a decreased pitting resistance, as well as
the formation of a thicker passivation layer, although this layer exhibits
a lower level of corrosion resistance.

Passive oxide films formed on stainless steels display properties
similar to those of highly doped semiconductors. The formation of these
passive films significantly affects the chemical and electrochemical
reactivity of the surface [85]. To further explore the semiconductor
properties of the passivation film, the M-S curve is presented in Fig. 8(e).
This analysis involved the measurement of apparent capacitance in
relation to potential under depletion conditions. The Mott-Schottky
equation (Eq. (6)) is expressed as follows:

12 (T
Csc2  eecON e

(6)
Where Cg. represents the capacitance of the space charge region, (e)
denotes the charge of an electron (1.602 X 10_19C), N refers to the
density of donors (Np) or acceptors (Np), T indicates the absolute
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temperature, kg signifies the Boltzmann constant (1.38 x 1072 J/K), E
represents the applied potential, and Eg, is the flatband potential, which
can be ascertained through the extrapolation of C2 to zero.

As depicted in Fig. 8(e), the M-S curve displays comparable charac-
teristics, suggesting that the passive films showcase consistent electronic
properties across both samples. Additionally, each plot illustrates two
distinct areas that demonstrate M-S behavior, featuring linear segments
with positive or negative inclinations, divided by a narrow potential
plateau region. The observed positive slopes within the potential range
of —0.5 to 0.1 Vag/agc1 suggest that the passive film developed on both
samples exhibits n-type semiconductor characteristics, as evidenced by
previous studies [38,68,81]. By analyzing the linear part of the plot, it is
possible to estimate the Ng using the Eq. (7):

2
Nd=———
e.€0.e.a

@)

where a is the slope in the n-type region. The Ny of the passive films was
determined to be 5.67 x 10?° cm™2 for AISI 316 L and 14.78 x 10%°
cm ™3 for AISI 316 L-Cu. These values, which fall within the range of 10%°
to 102! cm~3, are consistent with previously documented findings
regarding passive films on stainless steels [65,68,81]. Notably, the Ng
was generally higher for AISI 316 L-Cu, attributed to the incorporation
of copper ions within the passive films. A higher Nq carrier concentra-
tion suggests an increased presence of impurity ions in the oxide film,
which may compromise the stability of the passivation layer [86,87]. As
previously noted in the surface analysis section, alterations in the
composition of the passive film, resulting from the incorporation of
additional alloying elements (or impurities) or a reduction in chromium
or iron concentration, are expected to impact the electronic structure
and significantly influence corrosion resistance. However, it is impor-
tant to recognize that increases in N4 values do not inherently indicate
the presence of impurities within the various oxides. Instead, these rises
could indicate alterations in either the defect density within the space
charge region or the non-stoichiometric or disordered attributes of the
passive film [85,86].

The findings from the electrochemical analysis indicate that the
addition of copper into AISI 316 L results in an increased defect density
within the passive film, as well as a reduction in the stability of this film
due to the penetration of deleterious ions, such as chloride ions (Cl ),
which arise from the dissolution of copper within the passive layer. It is
important to note, however, that this particular corrosion behavior may
facilitate the sustained release of copper ions, which could enhance
bioactivity, a topic that will be addressed in subsequent sections.

3.4. Metal ion release

The biocompatibility of metallic biomaterials is a critical factor to
consider in clinical applications, particularly for Cu-bearing materials
that exhibit a certain degree of copper ion release. As a heavy metal,
copper poses potential health risks to humans when its concentration
exceeds a specific threshold within the body [12]. The World Health
Organization (WHO) recommends an acceptable daily intake of copper
ranging from 2 to 3 mg per individual [88]. To assess the release of
copper from AISI 316 L-Cu during immersion testing, the quantity of
copper that dissolved in PBS was measured using ICP-MS at specified
intervals of 1, 7, 14, and 28 days, as illustrated in Fig. 10. The findings
indicate that the daily release of copper ions was observed at trace
levels, measured in parts per billion (ppb), suggesting a relatively low
risk to human health. Notably, a higher release rate was recorded
initially; however, it has been documented that the copper ions released
during this early phase are crucial for their antibacterial properties
[5,73,75]. Over time, the rate of copper ion release diminishes, which
may contribute to sustained biocompatibility in the long term.
Furthermore, the results demonstrate that the cumulative concentration
of copper ions remains several orders of magnitude below the
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Fig. 10. Released amounts and ion release rate of copper from AISI 316 L-Cu
alloy after exposure to PBS solution.

recommended daily intake, even in implants with significant surface
areas. It is therefore posited that the quantity of copper ions released is
unlikely to reach levels associated with symptoms of copper toxicity.
Nonetheless, further long-term in vivo studies are necessary to evaluate
the implications for long-lasting applications.

3.5. In vitro bioactivity evaluation

To investigate the potential of metallic alloys for use in implant ap-
plications, apatite-forming ability tests were conducted, and the results
are presented in Fig. 11. Previous studies have demonstrated that the
deposition of calcium hydroxyapatite (HA) on sample surfaces is a sig-
nificant marker of their bioactivity [89,90]. The precipitation of HA was
observed on the surfaces of both alloys following a 28-day incubation.
The EDX analysis in Fig. 11(c,f) reveals the calcium and phosphorus
content within the deposited layers. Results show that the calcium/
phosphor (Ca/P) ratios of deposits on AISI 316 L and AISI 316 L-Cu were
1.35 and 1.73, respectively, which were near the natural HA ratio of
1.67 [33].

As reported, free copper ions have the potential to facilitate the
differentiation of human osteoblasts, augment the biological activity of
these cells, and contribute to the structural stability of the skeletal sys-
tem [14,91]. Additionally, HA plays a significant role in fostering the
integration of bone cells and ensuring a close association between the
implant and the alveolar bone [92,93].

3.6. Antibacterial activity evaluation

Implant-associated infections primarily arise from adherent, sessile
bacteria that establish a biofilm. Once bacteria firmly attach to a surface,
they enter a protected growth state, enabling them to evade host im-
mune responses and exhibit heightened resistance to antibiotics. It is
widely recognized that the bacterial biofilm that develops on the surface
of an implant is a significant contributor to infections related to surgical
implants, with estimates suggesting that over 65 % of bacterial in-
fections in humans are linked to bacterial biofilms [14,94]. The process
of biofilm formation is cyclical and dynamic. Therefore, disrupting the
formation of bacterial biofilms may serve as an effective strategy to
mitigate the incidence of bacterial infections [95,96]. As a result, the
presence of inherent strong antibacterial properties in an implant, when
combined with antibiotic treatment, is anticipated to significantly
diminish the likelihood of bacterial infections.

In the present study, the colony counting method was employed to
assess the antibacterial properties of the alloys. The findings in Fig. 12
indicate that the AISI 316 L-Cu alloy exhibited superior antibacterial
activity against both gram-positive S. aureus and gram-negative E. coli
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when compared to AISI 316 L. Specifically, the antibacterial efficacy of
the AISI 316 L-Cu alloy was measured at 96.45 % against E. coli and
97.99 % against S. aureus, as depicted in Fig. 12(b). Given that a rec-
ommended antibacterial rate (R) of >90 % is considered indicative of
good antibacterial properties in a material [97], it can be concluded that
the synthesized AISI 316 L-Cu alloy demonstrates robust antibacterial
capabilities. Previous research has demonstrated that stainless steel
containing copper exhibits significant antibacterial properties attributed
to the release of copper ions [12,20,73,98,99]. These ions effectively
prevent the development of bacterial biofilms on the alloy’s surface
without causing toxicity. The release of copper ions is widely recognized
as a critical player in the antimicrobial mechanism, as it is believed to
inactivate bacterial cells by damaging their cell membranes and/or DNA
[13,100,101]. Zhang et al. proposed that the antibacterial efficacy of Cu-
bearing stainless steel is dependent on the inhibition of electron transfer
within bacterial cells [101]. Conversely, the findings presented by Nan
et al. provide compelling evidence that the DNA of E. coli did not exhibit
significant damage when in contact with Cu-containing stainless steel.
However, the structural integrity of the cell walls was markedly
compromised, resulting in substantial leakage of cellular contents [102].
This suggests that the mechanism by which the stainless steel exerts its
bactericidal effect is primarily through the disruption of the cell mem-
brane rather than through direct damage to the DNA within the cells.

Fig. 13(a) illustrates the morphological characteristics of S. aureus
and E. coli adhering to the surfaces of the material following a 24-h in-
cubation. E. coli with a rod-like morphology and S. aureus with spherical
morphology could be identified on the surface of AISI 316 L. These
morphologies are similarly reported in previous studies [34,98].
Conversely, only isolated bacteria displaying shriveled or cracked
morphologies were observed on the surface of AISI 316 L-Cu. The
interaction between bacteria and the antibacterial AISI 316 L-Cu surface
induces alterations in the structure of the bacterial outer cell membrane,
resulting in compromised cell permeability. This suggests that the
incorporation of copper in the developed material effectively inhibits
bacterial growth and reduces adhesion on the surface of the samples.

Fig. 13(b) provides a schematic illustration that summarizes the
mechanism by which the addition of copper enhances antibacterial
properties. When the surface of AISI 316 L-Cu interacts with a bacterial
solution, copper ions are released from the alloys via redox reactions,
leading to the formation of subsequent reactions:

Cu—Cu’ +e” 8)
Cu*" + 20H™ —Cu,0 + 2H,0 9)
Cu' 4+ 0, +2H'>Cu®" +H,0, 10)

In detail, the initial oxidation of copper on the material surface re-
sults in the formation of cuprous ions (Cu™) (Reaction 8). It has been
documented that the presence of Cu' ions, which exhibit enhanced
antimicrobial properties, contributes to the antimicrobial efficacy dur-
ing the initial exposure period [5,13,103]. Subsequently, cuprous oxide
(Cup0) is generated through the combined influence of chloride (Cl7)
and hydroxide (OH™) ions (Reaction 9). However, due to the inherent
instability of Cuy0 in aqueous solutions, cupric ions (Cu®*) are produced
under the influence of molecular oxygen (O,) and hydrogen ions (H™)
(Reaction 10), leading to an overall increase in the concentration of
copper in the test media [19,104]. Concurrently, the electrons released
by copper facilitate the depletion of H* ions while generating reactive
oxygen species (ROS) (Reaction 11,12). Furthermore, the generation of
free electrons catalyzes the reduction of cupric ions to cuprous ions
(Reaction 13) [100,101].

e +0,-0; an

2H" + 0, >H,0, (12)
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Fig. 11. SEM images and EDS spectrum of (a-c) AISI 316 L and (d-f) AISI 316 L-Cu samples after immersion in SBF for 28 days at 37 °C.

Cu** +0;—Cu’ + 0, 13)

Meanwhile, as indicated in prior studies, the entry of copper ions into
cells results in the formation of highly reactive hydroxyl radicals (OH")
as a type of intracellular ROS [13]. In this context, the transition metal
ion Cu" interacts with hydrogen peroxide (HoO2) under conditions of
relatively low toxicity, leading to the generation of OH’ through the
Fenton reaction (14), as illustrated below:

Cu* +H,0,-Cu?*" +OH+ OH a4

14

Hydroxyl radicals are significant contributors to the products of the
Fenton reaction, primarily due to their potent oxidative capabilities
[105,106]. Given that a substantial quantity of HyO, is generated during
the aerobic respiration of bacteria, a considerable amount of high ROS is
persistently produced via the Haber-Weiss cycle, as illustrated by the
following two reactions (15-16) [107,108]:

OH +H,0, = O, +H,0+ H' (15)

O, +H,0, = 0,+OH™ +OH (16)
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the antibacterial mechanism of AISI 316 L-Cu alloy.
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The increase in high ROS is associated with heightened toxicity,
which can activate receptor pathways, leading to irreversible cellular
damage and potential apoptosis. Consequently, the findings suggest that
higher levels of ROS correlate with an increased efficacy in contact
killing. These reactive species interact with critical biological molecules,
including lipids, proteins, and nucleic acids, resulting in oxidative
damage or cellular death [109].

3.7. Cytocompatibility evaluation

Biosafety and favorable cytocompatibility are fundamental criteria
in the development of prospective medical devices. Effective interaction
between cells and implants, characterized by processes such as cell
spreading, proliferation, and differentiation, is essential for the utiliza-
tion of biocompatible materials [14,21,110,111]. The MTT assay was
employed to evaluate cell viability and proliferation of AISI 316 L-Cu
alloy in comparison to AISI 316 L. Fig. 14 presents the viability of MG63
cells seeded on the samples. The findings indicated that the number of
cells adhering to the surface of the samples increased with prolonged
culture time. The cell viability for both samples was recorded at less than
100 % but greater than 75 % on both the first and third days, indicating a
cytotoxicity classification of Grade 1. Notably, the cell viability of the
AISI 316 L-Cu sample exceeded 100 % on the seventh day, which cor-
responds to a Grade O classification. This suggests that the presence of
copper positively influenced cell growth, as evidenced by the higher
levels of cell viability observed in samples incubated for up to 7 days.
According to established standards [108], the viability rate of cells in
contact with the AISI 316 L-Cu sample falls within the zero-grade range
(90-100 %) for biomaterials. Hence, it can be inferred that the addition
of copper to the AISI 316 L-Cu alloy does not demonstrate cytotoxic
effects on MG63 cells and is beneficial for enhancing cell proliferation
and metabolic activity.

Fig. 15(a) illustrates the cell adhesion and morphology following 1
and 7 days of incubation on AISI 316 L and AISI 316 L-Cu. Generally, the
results indicate that both samples exhibited cellular viability, as evi-
denced by cell spreading and proliferation. Nevertheless, it has been
documented that, in addition to cell viability, the presence of flattened
cells with prominent filopodia contributes to the enhancement of bone
formation around the implant substrate [112,113].

Following 24 h of incubation, a partially cohesive cellular layer was
observable on the surfaces of both series of samples. The cells exhibited a
star-like morphology on both types of steel; however, the degree of cell
spreading was more pronounced on AISI 316 L-Cu than on AISI 316 L.
Following a 7-day incubation, the cell morphology transitioned to a
flattened appearance. A distinct sheet-like spreading network of cells
was observed, with a higher density of overlapping cells and increased
intercellular interactions noted in both samples compared to the cells

180
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Fig. 14. Cell viability of MG63 cells in extracts of AISI 316 L and AISI 316 L-Cu
alloys as a function of incubation time.
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Fig. 15. MG63 cell morphology on the AISI 316 L and AISI 316 L-Cu alloys
after 1 and 7 days of incubation. (a) SEM images of MG63 cells cultured, and (b)
the fraction of the area of surface samples covered with MG63 cells.

incubated for 1 day. The area fraction of substrates covered by cells is
presented in Fig. 15(b). A higher fraction of AISI 316 L-Cu (74 + 6 %)
compared to AISI 316 L (62 + 5 %) was covered by cells after 7 days.
Cell proliferation and adhesion to surfaces can generally be influ-
enced by various factors, including chemical composition, surface to-
pology, and the rate of metallic ion release [112,114]. Given that the
experiment was conducted under identical surface conditions for both
samples, the effect of surface topologies can be disregarded. Conse-
quently, the variation in the release of metallic ions from the materials
may be a critical determinant of the observed differences in cell density
and morphology. Therefore, in examining the distinct cytocompatibility
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of AISI 316 L and AISI 316 L-Cu alloys, the impact of metallic ions on
cellular metabolism and proliferation emerged as a primary focus.
Copper plays a significant role in angiogenesis and osteogenesis
[12,14,115]. Adequate levels of copper ions can facilitate the release of
growth factors from human cells, thereby enhancing the differentiation
of osteoblasts and the deposition of calcium salts [116-118]. Zhang et al.
reported that the release of copper ions within the concentration range
of 0.03 to 0.227 mg/L did not affect the differentiation of MG63 cells
[112]. In the current investigation, the average daily concentration of
copper ions released from AISI 316 L-Cu in a PBS solution was approx-
imately 30 parts per billion (ppb), equivalent to 0.03 mg/L, as depicted
in Fig. 9. This concentration is considerably lower than the maximum
concentration previously documented [12].

In alignment with the findings of the present study, Gong et al.
similarly reported that Cu-containing steel was beneficial for the cell
attachment, viability, and proliferation of MG63 cells compared to Cu-
free steel [115]. While the precise mechanisms underlying these ob-
servations require further investigation, it has been suggested that
enhanced cell spreading may facilitate cell differentiation and improve
cell-cell communication, which is essential for coordinating cellular
behavior [116,119]. Ren et al. posited that copper ions released from
Cu-bearing stainless steel promote the differentiation of osteoblasts,
subsequently enhancing their growth on the material surface and ulti-
mately leading to a more stable integration with the Cu-bearing stainless
steel implant [118]. It is noteworthy that effective cell attachment and
spreading on the biomaterial surface are crucial for outcompeting bac-
teria in the race for the surface, thereby aiding in the prevention of
infection.

Overall, the findings indicate that the L-PBFed AISI 316 L-Cu exhibits
dual functionality, serving as both an inductive agent for copper ions
that inhibit biofilm formation and possessing robust, long-lasting anti-
bacterial properties. Additionally, this material exhibits enhanced sur-
face properties that are conducive to cellular functions and
demonstrates favorable biocompatibility.

4. Conclusions

This article presents a comprehensive investigation into the effects of
copper on the microstructure, corrosion resistance, antibacterial prop-
erties, and biocompatibility of L-PBF AISI 316 L-Cu alloy. The main
conclusions are summarized as follows:

1) According to EBSD studies, the addition of copper to AISI 316 L
appears to promote grain refinement and an increase in grain
boundary density. Micro-segregation is observed adjacent to nano-
scale oxide inclusions and at the boundaries of cellular substructures,
and copper is soluble in austenite. These microstructural trends,
however, need to be verified by a more thorough statistical analysis
since they are based on limited EBSD data.

Electrochemical tests revealed that a thicker and more defective

passive oxide surface film developed on AISI 316 L-Cu, which

considerably weakened pitting corrosion resistance under the
experimental conditions examined.

3) According to the XPS analysis, the passive film present on the surface
of AISI 316 L-Cu was primarily composed of (Fe/Cr/Cu)xOy.

4) AISI 316 L-Cu releases copper ions, which play a significant role in
bacterial eradication against both gram-positive and gram-negative
bacteria and promote the alloy’s biological functionality.

5) In vitro biocompatibility and cellular response studies revealed that
AISI 316 L-Cu improves cell adhesion, viability, and proliferation
compared to copper-free steel, with no significant cytotoxic effects.
While these results are intriguing, further in vivo research is required
to completely evaluate the material’s biological performance in
physiological environments

2
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This study emphasizes that modifying the composition of AISI 316 L
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through selecting and adding suitable alloying elements while
leveraging the benefits of AM presents significant potential for appli-
cation across various sectors, including the biomedical industry.
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