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Abstract

In response to the growing demand for advanced materials with inherent infection
resistance, this research investigates the properties of 316L stainless steel with copper, produced
through laser-directed energy deposition additive manufacturing. The study focuses on three
compositions: pure 316L, 316L with 3 wt.% Cu, and 316L with 5 wt.% Cu. Compressive
strength measurements and Vickers hardness tests were conducted to assess mechanical
properties, while microstructural characterization and X-ray diffraction analysis provided
insights into the material's physical properties. This research extends beyond physical and
mechanical properties by exploring the on-contact antibacterial efficacy against Staphylococcus
aureus and Pseudomonas aeruginosa up to 72 h. The addition of Cu reduced the ability of
bacterial colonization of both strains on the metal surface. The findings of this investigation have
the potential to benefit the biomedical and medical device manufacturing sectors, contributing to

both structural and bio-functional properties of materials.
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1. Introduction

Approximately 2 million fracture fixation devices are inserted annually in the United States,
amounting to a market value of $3.6 billion.!> These devices, such as screws, rods, and plates,
are implanted within the body to facilitate healing and strengthen injured limbs. However, there
is a significant risk of infection associated with the implantation of a foreign device, affecting as
high as 30% of cases.’ Implants can potentially introduce foreign bacteria to the surgical site,
leading to complications such as delayed healing and the need for additional surgeries. Revision
surgeries can be traumatic and costly for patients, as reimplanted devices have an infection rate
that is several times higher than that of first-time implants.' Furthermore, the median cost for
treatment of a surgical site infection is approximately $108,000.* Therefore, reducing the risk of

infection is crucial for improving patient outcomes.

Metallic materials are frequently favored over ceramics and polymers for implant production
due to their superior strength and fatigue resistance.’ Implant materials experience not just static
loading but also dynamic loads associated with joints and movement. Additionally, implant
materials must be biocompatible, resistant to corrosion, and not introduce toxicity to the body.
While materials such as titanium or cobalt-chromium alloys are some of the many options
available, 316L stainless steel (SS) is commonly used in implants and fracture management
devices due to its high strength, excellent corrosion resistance, and good biocompatibility while
remaining relatively low cost.’ These properties are crucial for a material that will be subjected
to fluctuating loads while exposed to the biological environment of the human body. However,
316L does not possess inherent antibacterial properties.’ Patients are often required to take
antibiotic medication to address concerns of post-surgery infection, but this provides only
temporary protection. Moreover, bacterial strains can become antibiotic-resistant, rendering the
patient vulnerable to infection. As a result, there is a need for an alloy with similar mechanical

properties to 316L while incorporating antibacterial features.

Copper (Cu) has long been recognized for its antibacterial properties, as it can disrupt
bacterial cell membranes and inhibit the growth of various pathogens.” '? Due to its antibacterial
effect, Cu is used in critical surfaces found in drinking water distribution and hospital
applications.'® Yet, its antibacterial effect is joined with concerns of toxicity. Other antibacterial

metals, like Ag, have also been studied for toxicity when used for implant applications. Increased



Ag levels can be found in bodily fluids, though most effects are seen in local tissue surrounding
the implant site.'* Therefore, toxicity may depend on the alloy's dose and the implant site's
sensitivity. Similarly, Cu toxicity may depend on several factors. A Cu ion concentration of 46
pg/ml is highly toxic to fibroblasts in mice, while 2 mg/L. may reach harmful levels in

humans.'>'6

While the exact method of Cu contact killing is still not fully understood, this has not
withheld the element from being used as an antibacterial material.® Even though toxicity may not
be boiled down to a simple alloying percentage, previous work has suggested Cu loadings up to
3% to be non-toxic while still providing an antibacterial effect.’ In contrast, separate studies
suggest that a 316L-5Cu composition has a lower tensile strength than 316L, but a 316L.-3.5Cu
alloy has improved hardness over 316L after undergoing an aging treatment.'”” 316L-Cu alloys
have the potential to significantly improve the function of biomedical implants by becoming
intrinsically resistant to bacterial colonization. However, a challenge lies in achieving the right
balance of Cu to enhance antibacterial effects without compromising the alloy's mechanical

integrity or resulting in toxicity to the body.

Additive manufacturing (AM) is a manufacturing method with ever-expanding popularity
due to its various advantages over traditional production methods. Among other benefits, AM
enables the production of intricate designs, easily customizable parts, and small batch
production.'® These properties make AM an ideal method for producing biomedical devices. AM
enables varying part sizes and geometry, allowing implants to be custom fit to a patient. The
process also makes producing custom and small numbers of parts financially accessible because
it does not rely on fixed tooling. Additionally, the AM process is well-suited for producing
custom alloy compositions due to its particle form feedstock. Within the family of AM processes,
laser-directed energy deposition (L-DED) is well-fitted for biomedical device manufacturing due
to its higher material deposition rate over other methods and precise control over alloy
composition in small volumes.'*?° DED can also produce functionally graded materials for
optimized performance, such as hard surfaces for wear resistance and tough cores for load-
bearing capacity. Therefore, AM and DED are attractive processes for producing metallic
biomedical devices. While previous work has explored the mechanical and antibacterial

properties of 316L-Cu, there is limited insight into this alloy as produced by AM.



This research aims to test the mechanical and antibacterial properties of 316L, 316L.-3Cu
(SS-3Cu), and 316L-5Cu (SS-5Cu) for implants and fracture management devices. It is
hypothesized that adding Cu into a 316L matrix will provide inherent antibacterial properties and
similar mechanical performance to 316L when produced through laser DED. Mechanical
properties were evaluated by compressive loading and hardness measurements, along with
microstructure characterization. Antibacterial performance was measured with 316L as the
control against Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa)

to measure the effect of Cu addition against two common implant-related bacterial strains. '

2. Materials and methods

2.1. Sample preparation

The raw materials used in this study consisted of 316L SS powder (Hoganis, Sweden)
with particle sizes ranging from 20 to 55 pm and Cu powder (GKN Hoeganaes, Cinnaminson,
NJ) with particle sizes ranging from 15 to 53 um. Although the L-DED system used in this study
supports a larger powder size distribution, this particle size range was chosen to balance several
properties. Finer particles were found to reduce powder flowability due to agglomeration, while
coarser particles lead to increased porosity and surface roughness on the final part. Two alloy
compositions were prepared: SS-3Cu and SS-5Cu. These powders were tumble mixed in batches
of 250 g and mixed at 160 rpm for 2 h with no pause time to reach a uniform particle size
distribution. The powder mixtures were contained in 500 mL jars with an air atmosphere. All
samples were fabricated using a FormAlloy laser DED system (Spring Valley, CA). The
processing parameters consisted of 350 W laser power and 575 mm/min scan speed for contour
and infill paths, with 0.3 mm layer thickness, 0.78 mm hatch spacing, and 20° C build plate
temperature. Powder feed settings included 0.5 rpm powder feeder disc rate, 9 L/min carrier gas
flow rate, and 13 L/min shield gas flow rate. It was observed that the Cu addition did not affect
the processing parameters, as the same settings were used for all three compositions. To
minimize oxidation, the printing environment was carefully maintained with an oxygen

concentration below 20 ppm, and the chamber was filled with argon gas. The samples were



designed as vertical cylinders with a diameter of 9 mm and a height of 18 mm and were printed

onto a 316L substrate.

2.2. Microstructure and phase analysis

Samples for microstructural analysis were produced by sectioning the cylindrical
specimens longitudinally, exposing a vertical cross-section. These sections were then mounted in
phenolic resin and ground using silicon carbide (SiC) pads in sequential order of increasing grit
size from 320 to 1200. The samples were subsequently polished with alumina suspensions of 1
pm, 0.3 pm, and 0.05 um particle size, using deionized (DI) water as the medium. Etching was
performed following ASTM E407 — 23.! The etching solution comprised 10 mL HNO3, 35 mL
HCI, and 30 mL H»0, with 60 s immersion, followed by a rinse in water and air drying.
Microstructure imaging was done using a digital microscope (VHX-970F, Keyence, Itasca, IL).
The grain size was calculated using the average grain intercept (AGI) method, where the number
of grain intercepts was divided by the line length. Phase analysis was performed using X-ray
diffraction (XRD) with a Rigaku MiniFlex 600 diffractometer (Rigaku, Japan). The samples
were scanned using Cu-K o radiation (1.54 A at 40 kV and 20 mA) with a 20 theta range of 25° —
100° and a scan rate of 5° per min. Energy dispersive spectroscopy (EDS) was conducted using a
field emission scanning electron microscope (FE-SEM, Sirion) for five minutes. For EDS
analysis, samples were cut in the XY plane, which refers to the horizontal plane parallel to the
build platform and perpendicular to the build direction (Z-axis), to map elemental distribution

across the print plane.

2.3. Compression and hardness testing

Cylindrical compression test specimens were machined using a computer numerical
control (CNC) mill (770MX, Tormach, Madison, WI) equipped with a lathe attachment. The
diameter of the specimens was milled to 7.5 mm, and the length was faced to 15 mm, resulting in
a length-to-diameter (L/D) ratio of 2. Compression testing was performed following ASTM E9 —
19.22 The tests were conducted using a universal test machine (600DX, Instron, Norwood, MA)

at a constant crosshead displacement rate of 0.1 mm/min. These tests were terminated once the
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specimens reached 4% engineering strain, with n = 3 tests performed for each composition.
Hardness testing was conducted according to ASTM E92 — 2323, using a Micro Vickers Hardness
Tester (Phase II Plus, Upper Saddle River, NJ). Hardness samples were prepared in the same
manner as the microstructure samples. Vickers hardness measurements were taken at 0.5 mm
intervals, starting from the base of the sample and extending up to a height of 5 mm. A load of

1.961 N (HV 0.2) was applied, with a dwell time of 15 s.

2.4. In vitro bacterial studies

The antibacterial efficacy of Cu addition into 316L was evaluated in vitro against S.
aureus and P. aeruginosa bacterial strains at 24, 48, and 72 h. The AM-produced cylindrical
specimens were sliced into 1 mm thick sections using a low-speed diamond saw, then mounted
and ground with SiC pads up to 1200 grit. These samples were subsequently cleaned via
ultrasonication and sterilized by autoclaving at 121 °C for 1 h. S. aureus and P. aeruginosa
(Carolina Biological, Burlington, NC) were rehydrated with rehydration media and incubated at
37 °C for 24 h to reactivate. Serial dilutions of the bacterial cultures were performed to achieve a
concentration corresponding to the 0.5 McFarland standard, equivalent to 1.5 x 108 colony-
forming units (CFU)/mL, as confirmed by optical absorbance measurements within a range of
0.08-0.1 at a wavelength of 625 nm. For antibacterial testing, the sterilized samples were placed
into 24-well plates, with 10° CFU applied on the surface of each sample, followed by 1 mL of
nutrient broth. The plates were then incubated at 37 °C until the specified time points. At each
time point, the nutrient broth was carefully removed and replaced with a fixative solution (2%
paraformaldehyde/ 2% glutaraldehyde in 0.1 M phosphate-buffered saline [PBS]) overnight.
After removal of the fixative solution, the samples underwent secondary fixation with 1%
osmium tetroxide (OsOs) overnight, followed by a rinse in DI water. The samples were then
subjected to a serial dehydration process using increasing concentrations of ethanol (30%, 50%,
70%, 90%, and greatly with 100%). After dehydration, the samples were treated with
hexamethyldisilane (HMDS) overnight. A gold coating layer was applied to the samples to
facilitate the imaging of organic material via SEM. A minimum of n = 3 images were collected
per time point and composition for bacterial colony quantification. The antibacterial efficacy of

each material composition was determined by counting the number of bacterial colonies (N) on



the surface of the samples using an open-source object counting software (DotDotGoose).>*
Antibacterial efficacy, based on the control and treatment CFU counts at each time point, was

calculated as follows:

R — Ncontrol— Ntreatment X 100 (1)

Ncontrol

3. Results

3.1. Microstructure, EDS, and phase analysis

The microstructure of 316L consisted of distinct regions exhibiting both cellular and
columnar dendritic solidification modes. The regions appeared to have a uniform structure, with
clear boundaries between the two formations. Fig. 1a displays a low-magnification image of
316L, showing four printed layers, with a mix of cellular and columnar structures across the
layers. The transition between these two formations is distinctly visible at higher magnification.
The columnar dendrites are oriented along the heat flow direction, or normal to the top and
bottom surface of each layer, and largely aligned in the vertical direction due to cooling provided
by the substrate. Fig. 1b and Fig. 1c also reveal a similar mix of cellular and columnar dendrite
structures, with no significant differences between these compositions and the 316L base
material. Equiaxed structures for 316L, SS-3Cu, and SS-5Cu were measured with diameters of 5
+ 1 um, finding that Cu addition did not change grain size significantly. All three compositions
resulted in fully dense samples, except for minor gas entrapment defects. These defects, caused
by trapped gas particles during the solidification of the melt pool, appeared as spherical voids of

30 um or less.
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Figure 1: (a) 316L control composition displayed a mix of cellular and columnar structures
visible in high magnification. (b, ¢) SS-3Cu and SS-5Cu showed microstructures similar to those

of the control composition.

EDS was conducted to examine the Cu distribution within the 316L base composition. As
seen in Fig. 2, Cu was uniformly distributed within 316L, suggesting the formation of a solid
solution. Chromium and nickel, the main alloying elements of 316L?°, also appeared evenly
distributed. Achieving a uniform Cu distribution is ideal for implant applications where a
consistent antibacterial effect is desired across the surface of an implant. Since bacteria and other
foreign materials typically contact the outer surface of an implant first upon entering the body,

the surface properties play a critical role in determining the overall antibacterial efficacy.



Figure 2: EDS mapping of the SS-5Cu surface revealed a homogenous copper, chromium, and

nickel distribution.

XRD measurements were performed on all three compositions to identify the phases
present, as shown in Fig. 3. The XRD pattern of 316L exhibited a primary characteristic peak at
a 20 value of 43.64°, corresponding to face-centered cubic (FCC) austenite in the (111) plane.
Notably, the SS-3Cu and SS-5Cu compositions showed an increased intensity of the (111) peak
relative to 3161, which can be attributed to adding Cu. However, the intensities of the secondary
peaks [(200), (220), and (311)] remained essentially unchanged. This selective enhancement of
the (111) peak suggests that Cu addition induces a preferential orientation of the grains.
Additionally, SS-3Cu peaks exhibited a slight shift in the negative direction (~0.15°), which
further increased in SS-5Cu (~0.22°). No martensitic phases were detected in the XRD patterns
of 316L, and no new peaks were detected in SS-3Cu and SS-5Cu within the detection limit,
suggesting that Cu addition did not lead to the formation of any new phases compared to the

316L scan pattern.



Intensity

v (111) —316L
——S8S-3Cu
SS-5Cu
v (200)

v (220) v (311)

A N
1 J k _IA 1 1 A_ 1 ‘IA_

40 50 60 70 80 920

20 (degrees)

Figure 3: XRD patterns of 316L, SS-3Cu, and SS-5Cu. Cu addition in SS-3Cu and SS-5Cu

resulted in an enlarged relative peak height at ~44°, corresponding to face-centered cubic

austenite.

Table 1: XRD angle and peak intensity values of 316L, SS-3Cu, and SS-5Cu.

Peak No. hkl | 316L (26, Intensity a.u.) | SS-3Cu (26, Intensity a.u.) | SS-5Cu (28, Intensity a.u.)
1 (111) 43.64°,313 43.49°, 455 43.42°,429
2 (200) 50.69°, 146 50.51°, 149 50.47°, 161
3 (220) 74.52°,52 74.38°, 52 74.35°, 49
4 (311) 90.41°, 61 90.27°, 66 90.13°, 67

3.2. Compression and hardness testing

The compressive behavior of all three compositions was found to be similar, as illustrated

by the representative stress-strain curves shown in Fig. 4a. The yield stress values for 316L, SS-

3Cu, and SS-5Cu were 334 + 9 MPa, 329 £ 12 MPa, and 317 £ 1 MPa, respectively. Cu addition

appeared to have minimal impact on the yield stress. This is advantageous for implant

10




applications, where 316L is commonly used, as adding Cu would not result in a substantial
change in strength. Fig. 4b presents the Vickers hardness measurements taken along the build
direction, starting from the bottom of the sample. The hardness values of 316L, SS-3Cu, and SS-
5Cu were 209 £ 12, 183 £ 9, and 186 = 10 HV 0.2, respectively. Although both Cu compositions
exhibited lower hardness than 316L, no significant difference was observed between SS-3Cu and
SS-5Cu. Moreover, hardness measurements for all three compositions showed no significant
variation across the height of the samples, suggesting a consistent hardness distribution along the

build direction.
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Figure 4: (a) Representative stress-strain curves for all three compositions show similar behavior

under uniaxial compression loading. (b) Vickers hardness measurements showed a slight
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reduction with Cu presence, plotted as a three-point moving average. (c) Illustration of hardness

measurement locations on a cylinder cross-section.

3.3. In vitro S. aureus bacterial study

Cu is known for its antibacterial properties and was expected to reduce bacterial surface
colonization when incorporated into 316L.7!° Gram-positive S. aureus was tested on the metal
surfaces at 24, 48, and 72 h, simulating the time points immediately following a surgical
procedure. As shown in Fig. Sal-3, the 316L control surfaces were heavily colonized by S.
aureus. In contrast, Cu addition reduced bacterial colonization on the treated surfaces. The SS-
3Cu samples demonstrated lower CFU counts at all time points (Fig. Sb1-3), while the SS-5Cu
samples exhibited even more significant reductions in bacterial growth (Fig. 5c¢1-3).
Quantification of visible CFU is summarized in Fig. 5d, while the normalized bacterial viability
is presented in Fig. Se. On SS-3Cu surfaces, S. aureus colonization decreased from 30% at 24 h
to 25% at 48 h and 18% at 72 h. This corresponds to a 5% reduction between 24 and 48 h and a
7% reduction between 48 and 72 h. SS-5Cu surfaces displayed superior antibacterial
performance, with remaining CFU values of 19% at 24 h, 14% at 48 h, and 12% at 72 h.,
reflecting 5% and 2% reductions between respective time points. The antibacterial efficacy
followed a logarithmic trend, with the most significant reduction occurring within the first 24 h.
While the rate of antibacterial performance slowed at later time points, incremental
improvements in efficacy were observed. Notably, the inset image in Fig. 5c1 highlights an S.
aureus cell exhibiting cell wall rupture and exposed cytoplasm, providing visual evidence of the

antibacterial effect of Cu addition and its potential use in infection-resistant materials.
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Figure 5: SEM imaging and quantification of visible S. aureus CFU. (al, a2, a3) 316L control
shows significantly higher CFU count than (b1, b2, b3) SS-3Cu and (cl, ¢2, c3) SS-5Cu across
all time points. (d) CFU quantification of SEM images with n = 3 per condition. Statistically
significant values are marked as * p < 0.05, ** p <0.01, *** p <0.001. (e) Normalized bacterial

viability for each time point.
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3.4. In vitro P. aeruginosa bacterial study

Antibacterial performance was further evaluated at 24 and 48 h against P. aeruginosa, a
gram-negative bacteria. The 316L control surfaces displayed a pronounced increase in bacterial
colony count over time, with CFU counts rising significantly from 422 + 46 at 24 h to 1819 +
226 CFU at 48 h, as seen in Fig. 6al-a2. This increase demonstrates an environment conducive
to bacterial proliferation on the 316L surface. In contrast, the SS-3Cu surface showed
substantially reduced bacterial viability, with CFU counts of 92 + 25 and 114 + 40 at 24 and 48
h, respectively, corresponding to 22% and 6% of the control bacterial colonies, as shown in Fig.
6b1-b2. A similar trend was observed on SS-5Cu surfaces, which demonstrated even higher
antibacterial efficacy, with CFU counts of 63 £ 12 and 57 + 10 at the same time points,
representing 15% and 3% bacterial viability, respectively, as shown in Fig. 6¢1-c2. While the
316L samples demonstrated a significant increase in CFU between time points, the Cu-loaded
samples effectively suppressed bacterial growth, with minimal changes in CFU counts from 24
to 48 h. This inhibition of bacterial proliferation highlights the role of Cu as an antimicrobial

agent.
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Figure 6: SEM imaging and agar plate quantification of P. aeruginosa activity. (al, a2) 316L
control surface with increasing CFU count over time. (b1, b2) SS-3Cu and (c1, ¢2) SS-5Cu show
a significant reduction in bacteria with respect to the control composition. (d) CFU quantification
of SEM images with n = 3 per condition. Statistically significant values are marked as * p < 0.05,

¥ p <0.01, *** p <0.001. (¢) Normalized bacterial viability for each time point.
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4. Discussion

316L SS is widely used in the medical industry for its strength and corrosion resistance
while maintaining good biocompatibility. These properties are critical for implant and fracture
management applications, where the environment of the human body presents a dynamic
situation ideally suited for corrosion and infection. When alloyed with 316L, Cu has been shown
to inhibit bacterial proliferation and holds promising potential for use in biomedical settings.
This study aimed to measure the mechanical and antibacterial properties of 316L-Cu alloys

produced through DED.
4.1. Microstructure and mechanical properties

Microstructural analysis revealed two distinct formations within 316L. Cellular and
columnar dendritic solidification was observed in all three compositions, as shown in Fig. 1.
Columnar formations result from the pronounced thermal gradient experienced during the DED
process, with structures growing preferentially along the heat flow direction towards the chilled
substrate. On the other hand, the growth of cellular structures can be attributed to the rapid
solidification rate, moderate thermal gradients present within the melt pool, and lack of heat flow
in the XY plane, all of which favor the development of cellular dendritic structures. In contrast,
traditional manufacturing methods, such as cold-rolling, begin with equiaxed austenitic grains
and transform into elongated martensitic structures due to the rolling process. Strain-induced
martensite can be reversed into austenite through annealing, increasing its strength through grain

size reduction and achieving finer grain sizes than the original austenite.?

The incorporation of Cu did not appear to significantly alter the microstructure of 316L,
which is consistent with previous findings in other studies of Cu-alloyed 316L produced through
traditional manufacturing methods.” Cu addition into 316L has also been achieved through
powder bed fusion (PBF), another popular AM process, and exhibited similar Cu dissolution in a
316L matrix.?” Although this study found similarly sized equiaxed structures for all three
compositions, it has been reported that higher Cu loadings may lead to increased temperature
gradients due to the higher thermal conductivity of Cu over 316L (385 vs. ~20 W/m-K), causing

grain refinement.?
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EDS mapping was conducted to determine the elemental distribution across sample
surfaces. As shown in Fig. 2, the analysis confirmed the uniform distribution of Cu with no
preferential concentrations in the grain structure. 316L, composed of approximately 18% Cr and
14% Ni%, appeared to form a solid solution with Cu addition, as shown in previous works.2”? A
homogenous Cu distribution ensures consistent mechanical and antibacterial properties. Phase
analysis was performed using XRD (Fig. 3), which revealed an exclusive FCC austenite phase
within the detection limit across all compositions, with diffraction peaks corresponding to the
(111), (200), (220), and (311) planes. The slight shift in peak positions for SS-3Cu and SS-5Cu
has also been reported in similar work involving 316L-Cu alloys.?’° A possible cause for this

shift could be residual stresses caused by substituting Cu atoms into the Fe lattice, leading to a

change in lattice parameters due to the difference in atomic radius of the two elements.

Compressive stress-strain behavior (Fig. 4) showed that all compositions had similar
compressive strength values. A slight reduction in yield strength was observed for SS-5Cu (317 £
1 MPa) compared to 316L (334 £ 9 MPa) and SS-3Cu (329 + 12 MPa). Similarly, a minor
reduction in hardness was measured in the Cu compositions (183 =9 and 186 + 10 HV 0.2 for
SS-3Cu and SS-5Cu, respectively) compared to 316L (209 = 12 HV 0.2). Previous studies have
reported similar reductions in strength and hardness with Cu addition in samples produced by
LPBF.!" This trend has also been recorded in alloys produced through forging’, though this same
study also demonstrated a notable increase in strength and hardness after applying a heat
treatment cycle. Conversely, increases in strength and hardness have been reported directly after
production via PBF.?”° This property variation could be credited to varying amounts of Cu and
differing manufacturing methods, leading to differences in the microstructure. While the
magnitude of property variation from the base 316L is minor, this lack of consensus highlights
the variability of material properties in AM-produced alloys and their dependence on processing

parameters.
4.2. Antibacterial properties

While Cu is known to have antibacterial properties, its exact method of killing bacteria
remains a topic of ongoing research, with no single definite consensus. One accepted theory of
contact killing involves the ability of released Cu ions to degrade the cell membrane, leading to

leakage of cellular contents and eventual cell death. An alternative hypothesis suggests that Cu
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ions penetrate the membrane and generate reactive oxygen species (ROS), which causes
oxidative stress that damages cellular contents, including DNA.®3! Both theories converge on the

same outcome: cell death resulting from membrane damage due to surface contact with Cu.

Although Cu alloying has great antibacterial potential, more established and trusted
infection prevention methods are widely employed. Antibiotic medication may be administered
post-surgery to address infection risks, but this protection is temporary. Similarly, antibacterial
coatings can be applied to implants, but their efficacy may diminish as the coatings degrade. In
contrast, Cu addition provides an inherent antibacterial effect that may last for the entire lifespan
of an implant, preventing bacterial colonization and biofilm formation for extended periods after
implantation. However, antibacterial implants alone may not address infection risks on surfaces
not in direct contact with the device, such as adjacent tissue near the surgical site. Therefore,
316L-Cu alloys could be used in conjunction with antibiotics or coatings to provide both short-

and long-term antibacterial protection.

This study measured antibacterial performance against S. aureus (Fig. 5) and P
aeruginosa (Fig. 6). The results demonstrated that both Cu compositions exhibited significant
antibacterial efficacy compared to 316L. SS-5Cu showed greater effectiveness than SS-3Cu due
to its higher Cu content, consistent with prior studies that report increased antibacterial efficacy
with progressive Cu addition.” *"!> The growth of both S. aureus and P. aeruginosa was
significantly inhibited in SS-3Cu and SS-5Cu samples, emphasizing the potential of these alloys
for biomedical applications. These findings align with previous studies on 316L-Cu alloys

produced using AM and conventional methods.”-!%%

5. Conclusions

This study investigated the microstructural, mechanical, and antibacterial properties of
316L SS with 3 wt.% and 5 wt.% Cu produced through powder-based Laser-DED. The following

conclusions can be drawn from this study.

(a) The incorporation of Cu resulted in no significant change in the microstructure and
appeared to form a homogenous distribution of Cu within the matrix, as confirmed by

SEM, EDS, and XRD.
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(b) Compressive strength and hardness values remained comparable to 316L despite these
elemental modifications. A slight reduction in yield strength was observed for SS-5Cu
(317 £ 1 MPa) compared to 316L (334 £ 9 MPa) and SS-3Cu (329 + 12 MPa). Similarly,
a minor reduction in hardness was measured in the Cu compositions (183 £9 and 186 +
10 HV 0.2 for SS-3Cu and SS-5Cu, respectively) compared to 316L (209 + 12 HV 0.2).

(c) Cu addition demonstrated significant antibacterial efficacy. SS-3Cu and SS-5Cu
effectively inhibited the growth of S. aureus and P. aeruginosa across all time points,
with efficacy increasing proportionally with the Cu content. After testing against S.
aureus, the two compositions exhibited 18% and 12% bacterial viability at 72 h,
respectively. More effectively, results for P. aeruginosa at 48 h indicate 6% and 3%
bacteria viability. This highlights the potential of these alloys for use in biomedical
environments, particularly in infection-prone applications such as fracture management

devices.

The findings suggest that 316L with Cu addition offers a promising balance between mechanical
performance and antibacterial functionality, making it a viable material for advanced biomedical

devices.
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