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SUMMARY:
Assessing the wear resistance, microhardness, and corrosion resistance of composites with ceramic reinforcement particles (Zr/TiC and Ti/TiC systems) in conditions relevant to biomedical implants (NaCl/H2SO4).

ABSTRACT:
This article presents a comprehensive experimental protocol for evaluating the tribocorrosion behavior of additively manufactured TI6Al4Vbased composites reinforced with ceramic phases using laser metal deposition (LMD). This protocol addresses the need to understand the synergistic degradation mechanisms that arise in components exposed to mechanical loading and corrosive environments in biomedical and aerospace applications.The protocol includes controlled laser cladding of TI6Al4Vwith Zr/TiC and Ti/TiC reinforcements, followed by detailed microstructural, mechanical, electrochemical, and tribocorrosion characterization. The procedures cover powder handling, substrate preparation, laser processing, metallographic preparation, microscopy, X–ray diffraction, microhardness testing, electrochemical corrosion measurements, and tribocorrosion testing using a reciprocating ball–on–plate tribometer under electrochemical control in a NaCl/H₂SO₄ electrolyte.This method enables real-time assessment of wear–corrosion interactions, including passive film breakdown and re–passivation under sliding conditions, while accounting for additive manufacturing-induced microstructural features. The protocol serves as a standardized framework for evaluating the effectiveness of ceramic reinforcement strategies in improving the functionality of additively manufactured metallic systems intended for challenging environments.

INTRODUCTION:
Laser surface modification incorporating ceramic phases is an effective approach to enhance the surface performance of metallic implants, enabling the formation of corrosion–resistant and mechanically reinforced coatings via laser metal deposition (LMD)1. Titanium alloy TI6Al4Vis widely used in biomedical implants due to its biocompatibility, high strength–to–weight ratio, and corrosion resistance2–3. Nevertheless, it remains vulnerable to corrosion and tribocorrosion in aggressive physiological environments, where mechanical wear and electrochemical degradation can compromise implant performance and trigger adverse biological responses4–7. LMD improves surface properties through localized remelting, rapid solidification, and incorporation of reinforcing phases, producing dense, metallurgically bonded layers with tailored microstructures. Compared with alternative techniques such as laser nitriding or electron beam processing, LMD offers compositional flexibility, lower operational costs, and broad accessibility8–10. These advantages make it particularly suitable for additively manufactured (AM) implants, where corrosion resistance is critical for long term in vivo performance10.

The corrosion and tribocorrosion behavior of AM implants is influenced by porosity, surface roughness, residual stresses, and microstructural heterogeneity11. Therefore, evaluation requires electrochemical testing in aggressive electrolytes (e.g., NaCl/H₂SO₄), complemented by microstructural characterization using SEM and EDS. Post-processing strategies, including hot isostatic pressing, surface polishing, and laser remelting, further improve corrosion resistance by reducing defects and refining surface topology.

Reinforced TI6Al4Vcomposites containing Zr, Ti, and TiC exhibit improved corrosion resistance due to a combination of enhanced passive layer stability and microstructural refinement. Zirconium stabilizes the passive TiO₂ – ZrO₂ mixed oxide, promoting rapid re–passivation and higher polarization resistance12–13. TiC and Ti particles provide mechanical reinforcement and act as diffusion barriers to corrosive ions, while well-bonded interfaces minimize microcrevices that can initiate localized corrosion14.The Table of Materials shows the materials used, including reagents and instruments.

The overall goal of this method is to evaluate tribocorrosion performance of AM TI6Al4Vcomposites reinforced with ceramic particles (Zr/TiC and Ti/TiC), capturing synergistic damage mechanisms that occur under simultaneous mechanical wear and electrochemical exposure. Tribocorrosion testing integrates wear and electrochemical measurements, providing real time assessment under dynamic, physiologically relevant conditions15–20. The method is appropriate for load-bearing biomedical implants or components exposed to combined mechanical and chemical stresses, simulating worst–case in-vivo scenarios using chloride-containing electrolytes. Optimal performance is achieved by balancing mechanical reinforcement with electrochemical stability, emphasizing the importance of microstructural uniformity and passive film integrity.This protocol provides a reproducible, application-relevant framework for assessing AM TI6Al4V composites under tribocorrosion conditions, supporting informed material selection, surface engineering, and implant design.

PROTOCOL:
1. Materials, equipment, and starting powders
1.1. Starting powders
1.1.1. Obtain gas atomized TI6Al4Vpowder (ASTM F136) with a particle size range of 15–53 µm, zirconium (Zr) powder with ≥99.5 wt% purity and particle size of 10–45 µm, and titanium carbide (TiC) powder with ≥99 wt% purity and particle size of 2–10 µm.

1.1.2. Store all powders in sealed containers under a dry argon atmosphere to prevent oxidation and moisture uptake prior to processing.

1.2. Substrate preparation
1.2.1. Cut TI6Al4Vsubstrate plates to dimensions of 50 mm × 50 mm × 5 mm.

1.2.2. Grind the substrate surface sequentially using SiC papers from P320 to P800 grit to remove surface oxides and irregularities.

1.2.3. Ultrasonically clean the substrates in acetone for 10 min, followed by ethanol for 10 min.

1.2.4. Dry the substrates using compressed nitrogen and mount them securely on the laser metal deposition (LMD) build platform.

2. Laser metal deposition of ceramic reinforced surface composites
2.1. LMD system configuration
2.1.1. Use a laser metal deposition system equipped with a multi–hopper powder feeding unit.

2.1.2. Employ a continuous wave fiber laser with a wavelength of approximately 1070 nm.

2.1.3. Set the laser spot diameter to 1.0–1.5 mm using a coaxial nozzle.

2.2. Powder feeding and shielding
2.2.1. Load TI6Al4V, Zr, and TiC powders into separate hoppers under an argon-filled glove box.

2.2.2. Purge all powder lines and hoppers with high-purity argon for at least 20 min to reduce oxygen levels below 10 ppm.

2.2.3. Calibrate each powder feeder gravimetrically and adjust feed rates to achieve the desired composition, maintaining a total powder feed rate of 5–10 g/min with a deviation within ±2%.

2.3. Deposition parameters
2.3.1. Set laser power to 800–1200 W.

2.3.2. Set scanning speed to 6–12 mm/s.

2.3.3. Maintain an argon shielding gas flow rate of 10–15 L/min to protect the molten pool from oxidation.

2.3.4. Deposit material using a raster scan strategy with 30–50% overlap between adjacent tracks.

2.3.5. Build coatings layer by layer, allowing controlled cooling intervals between layers to minimize residual stress.

2.3.6. Allow samples to cool to room temperature under an argon atmosphere after deposition.

3. Microstructural and phase characterization
3.1. Metallographic preparation
3.1.1. Cut the deposited samples perpendicular to the build direction using a precision diamond saw.

3.1.2. Embed the specimens in conductive epoxy and cure as per the manufacturer’s instructions.

3.1.3. Grind with SiC papers (P120 to P1200) and polish with diamond suspensions down to 1 µm.

3.2. Scanning electron microscopy (SEM): Coat the polished samples with a thin conductive layer before SEM imaging to reduce surface charging. Mount each polished sample on an aluminum SEM stub using conductive carbon tape for proper electrical contact. 

3.2.1. Place the mounted samples in a sputter coater and deposit a 5–10 nm thick layer of gold or carbon in an argon atmosphere. Apply a sputtering current of around 20 mA for 45–60 s to ensure a uniform conductive coating. After coating, store the samples in a clean, dust–free container until SEM analysis.

NOTE: Coat polished samples with a conductive carbon or gold layer (~5–10 nm): To ensure a conductive surface for SEM imaging and accurate EDS elemental analysis, coat polished samples with a thin layer of carbon or gold (~5–10 nm). Use a sputter coater to apply the conductive layer. Secure the samples on aluminum stubs with conductive carbon tape and sputter a 5–10 nm gold layer at 20 mA for 60 s in an argon atmosphere.Materials required for this preparation include polished metallurgical samples, a carbon or gold coating source, a sputter coater or thermal evaporator, a conductive sample stub, adhesive tape, and an ultrasonic bath with ethanol or acetone. The procedure is as follows:

3.2.1.1. Sample preparation: Ensure the sample surface is smooth and scratch–free. For metallic samples, grind with SiC papers: 320–1200 grit, polish with diamond paste: 6–3–1 μm, clean in ethanol or acetone for 5–10 min, and dry the sample completely using warm air or nitrogen.

3.2.1.2. Choose the coating material: Carbon is commonly used for EDS applications to minimize interference with elemental peaks, while gold (Au) is suitable for non–conductive or poorly conducting samples due to its high conductivity, although it may obscure nearby elemental peaks in EDS.

3.2.1.3. Choose a coating technique:
Sputter coating (preferred for  metals and SEM): Place the sample in the sputter coater vacuum chamber, pump down to high vacuum, set the sputtering current and voltage according to the manufacturer's specifications, and sputter-coat for a calibrated time to achieve a ~5–10 nm thickness.

3.2.1.4. Coating tips for best results
Rotate the sample during deposition for uniform coverage, avoid overcoating (>10 nm thickness), verify coating thickness with calibration or a profilometer, and ensure the sample is clean post–coating to prevent contamination.

3.2.1.5. Storage before SEM
Store coated samples in a dust–free container and avoid touching the coated surface to maintain conductivity and image quality.

3.2.1.6. Optional: Combination coating
Apply a thin carbon layer (~5 nm) followed by gold (~5 nm) for balanced elemental analysis accuracy and enhanced image quality, especially for heterogeneous or low–conductivity samples.

3.2.2. Conduct SEM imaging with an accelerating voltage between 10 and 20 kV and a working distance of 8 to 12 mm.

3.2.3. Capture secondary electron images to evaluate clad geometry, porosity, and reinforcement distribution. Place the coated samples in the scanning electron microscope chamber and follow the instrument's procedure to achieve the necessary vacuum level. Capture secondary electron (SE) images using a field–emission scanning electron microscope at 10–15 kV and a working distance of 8–10 mm. Use the secondary electron detector for high–resolution surface images. Take micrographs at different magnifications to analyze clad geometry, porosity, and reinforcement distribution in the laser–cladded layers. Include a scale bar in the bottom right corner of each exported image.
3.2.3.1. Sample preparation
Polish the sample flat, grind with 320 to 1200 grit papers, and polish using diamond paste (6, 3, 1 μm). Clean the sample in an ultrasonic bath with ethanol or acetone and coat it with a conductive layer (approximately 5–10 nm of carbon or gold) to prevent charging during imaging.

3.2.3.2. Sample mounting
Attach the sample to a conductive stub using carbon tape or conductive adhesive, ensuring it is flat and stable. Insert the stub into the SEM chamber and evacuate to high vacuum.

3.2.3.3. Mode selection
In the SEM control software, choose secondary electron (SE) mode and select a detector that captures SE signals. Adjust the accelerating voltage based on the material and features of interest.

3.2.3.4. Adjusting parameters
Set the working distance to 5–15 mm for higher resolution; use a small spot size (approximately 1–5 nm) for improved resolution; choose a medium–slow scan speed for better detail; adjust magnification as needed for clad analysis; and balance beam current for brightness and noise control.

3.2.3.5. Image acquisition
Start at low magnification and gradually increase to capture finer details. Take multiple images to cover clad geometry, porosity, and reinforcement distribution.

3.2.3.6. Optional tilt and 3D perspective
Tilt the sample (5–20°) for enhanced topographical contrast. Observe reinforcement particles protrusion or embedding in the matrix.

3.2.3.7. Post–imaging steps
Save images in high–resolution formats and annotate them with scale bars, regions of interest, and particle sizes. Utilize image analysis software for quantification and analysis.

3.2.3.8. Workflow example for clad metallurgy
Prepare a TiC – reinforced Ti clad sample, polish, coat with carbon, mount on a conductive stub, insert into SEM, use SE mode at 15 kV, 10 mm working distance, acquire images for clad geometry and reinforcement distribution, save and analyze images.

3.2.4. Perform EDS point analysis and elemental mapping to confirm Zr and TiC distribution.
Perform elemental analysis using an energy dispersive X–ray spectroscopy (EDS) detector integrated with the SEM system. Operate the SEM at an accelerating voltage of 15–20 kV to ensure sufficient excitation of characteristic X–ray signals. Conduct point analysis on selected regions of interest within the clad layer to identify elemental composition. Acquire spectra with a live acquisition time of approximately 60 s to obtain reliable elemental peaks.

NOTE: For elemental mapping, scan the selected area of the clad surface while collecting spatially resolved X–ray signals corresponding to the elements of interest. Generate distribution maps to confirm the presence and spatial distribution of zirconium (Zr) and titanium carbide (TiC) reinforcement phases within the titanium matrix. Export the elemental maps with consistent scale bars and panel labels for subsequent image processing.

3.2.4.1. Sample preparation
Polish the sample to a mirror finish using SiC papers and diamond paste. Clean the sample in an ultrasonic bath with ethanol or acetone and apply a conductive coating if necessary to prevent charging.

3.2.4.2. Mount sample and configure SEM
Mount the sample on a conductive stub with carbon tape, insert it into the SEM chamber, and pump to high vacuum.Select an appropriate accelerating voltage for EDS detection.

3.2.4.3. EDS detector setup
Ensure proper cooling and calibration of the EDS detector, calibrate the spectrometer using a standard material, and set live time or counts for optimal signal–to–noise ratio.

3.2.4.4. EDS point analysis
Navigate to points of interest on the SEM image, acquire EDS spectrum at each point, identify characteristic peaks for Zr, Ti, and C, and record weight % or atomic % using the software.

3.2.4.5. EDS elemental mapping
Select the area of interest on the SEM image, activate mapping mode in the EDS software, and start scanning to generate elemental distribution maps.

3.2.4.6.Cross–check with SEM imaging
Use BSE imaging for compositional contrast, compare SE images and EDS maps for correlation.

3.2.4.7. Data saving and analysis
Save spectra, maps, and annotated SEM images. Utilize software for elemental fraction quantification, particle size measurement, and distribution uniformity calculation.

3.3. X–ray diffraction (XRD)
3.3.1 Phase characterization
Perform elemental analysis using an energy dispersive X–ray spectroscopy (EDS) detector integrated with the SEM system. Operate the SEM at an accelerating voltage of 15–20 kV to ensure sufficient excitation of characteristic X–ray signals. Conduct point analysis on selected regions of interest within the clad layer to identify elemental composition. Acquire spectra with a live acquisition time of approximately 60 s to obtain reliable elemental peaks.

NOTE: For elemental mapping, scan the selected area of the clad surface while collecting spatially resolved X–ray signals corresponding to the elements of interest. Generate distribution maps to confirm the presence and spatial distribution of zirconium (Zr) and titanium carbide (TiC) reinforcement phases within the titanium matrix. Export the elemental maps with consistent scale bars and panel labels for subsequent image processing.

4. Mechanical characterization
4.1. Vickers microhardness testing
4.1.1. Perform Vickers microhardness measurements on polished cross sections using a load of 100 g and a dwell time of 15 s.

4.1.2. Place indentations at intervals of at least 100 µm to avoid interaction effects.

4.1.3. Calculate average hardness values and standard deviations from at least ten measurements per sample.

5. Electrochemical corrosion testing
5.1. Electrochemical cell setup
5.1.1. Prepare an electrochemical cell with the sample as the working electrode, a platinum mesh counter electrode, and an Ag/AgCl reference electrode.

5.1.2. Expose a working electrode area of 1 cm² using an insulating lacquer.

5.1.3. Use a NaCl/H₂SO₄ aqueous electrolyte maintained at 25 ± 1 °C.

5.2. Open circuit potential and polarization
5.2.1. Immerse the sample and allow stabilization at open circuit potential (OCP) for 30 min.

5.2.2. Perform potentiodynamic polarization scans from −0.25 V to +1.5 V vs. Ag/AgCl at a scan rate of 1 mV/s.

5.2.3. Determine corrosion potential (E_corr) and corrosion current density (i_corr) from Tafel extrapolation.

6. Integrated tribocorrosion testing
6.1. Tribocorrosion-setup
6.1.1. Mount the electrochemical specimen in a reciprocating ball-on-plate tribometer coupled to a potentiostat.

6.1.2. Use an alumina (Al₂O₃) counterbody ball with a diameter of 6 mm.

6.1.3. Apply a normal load of 5 N and a sliding frequency of 1 Hz over a sliding distance of 5 mm.

6.1.4. Conduct tribocorrosion tests in the same NaCl/H₂SO₄ electrolyte under electrochemical control.

6.2. Test execution and standards
6.2.1. Record coefficient of friction, current response, and potential continuously during sliding.

6.2.2. Perform tribocorrosion testing in accordance with ASTM G119 for evaluating synergistic wear corrosion effects.

6.2.3. After testing, rinse samples with distilled water, dry with nitrogen, and examine wear tracks using SEM.

REPRESENTATIVE RESULTS:
Powder and substrate characterization
Representative scanning electron microscopy (SEM) micrographs of the starting reinforcement powders ((A) Ti, (B) Zr, and (C)TiC) are shown in Figure 1. The Images illustrate typical particle morphologies obtained from gas atomized and commercially sourced powders. Titanium and zirconium particles predominantly exhibited spherical to near spherical shapes, whereas titanium carbide (TiC) particles displayed more angular and faceted morphologies, consistent with ceramic powder characteristics. Particle size distributions were within the manufacturer-specified ranges prior to laser processing.Figure 2 presents SEM images and corresponding energy dispersive X–ray spectroscopy (EDS) spectra of the as-received TI6Al4Vsubstrate. The microstructure appeared homogeneous at the examined magnifications, with no large-scale porosity or visible surface defects prior to processing. EDS analysis detected titanium, aluminium, and vanadium as the principal elements, consistent with the nominal composition of ASTM F136–grade TI6Al4V.

Microstructural features of laser-clad composites
Stereo microscopy images of the laser-cladded samples are shown in Figure 3. A distinct clad layer, heat-affected zone (HAZ), and underlying substrate were visible in cross-section. The HAZ could be differentiated from both the clad and substrate regions based on microstructural contrast resulting from localized thermal exposure during laser deposition. A continuous surface oxide layer was observed on the cladded region, which is commonly associated with titanium-based materials processed in inert or semi-protected environments.

Microhardness of TI6Al4V alloy
Figure 4 displays a representative Vickers microhardness profile measured on a polished cross-section of the TI6Al4Vsubstrate. Indentations were performed using a 100 g load with a dwell time of 15 s and spaced approximately 100 µm apart. The average microhardness of the unmodified substrate was 375.3 HV₀.5under these test conditions.

Relationship between hardness and wear mass loss
Figure 5A illustrates the relationship between measured microhardness and wear mass loss for selected samples tested using this protocol. In general, samples with higher microhardness values exhibited lower measured wear mass loss. However, the sample with the highest hardness (767 HV₀.5) did not display the lowest wear loss, indicating that wear behavior likely depends on additional factors beyond hardness alone, such as microstructural uniformity, reinforcement distribution, and processing-induced residual stresses. For visual clarity in Figure 5B, wear mass loss values were scaled by a factor of 100; the original values are reported in the corresponding data tables.

Wear surface morphology
Figure 6A–Bshows SEM images of wear scars on the unmodified TI6Al4Vsubstrate after tribological testing. The surface exhibited pronounced grooves, plastic deformation features, and embedded debris consistent with predominantly abrasive wear.

Figures7A–B and 8A–B present representative SEM images of wear tracks on TI6Al4V–Zr–TiC and TI6Al4V–Ti–TiC composites. In these samples, linear grooves and abrasion marks were visible along the sliding direction. Hard ceramic phases appeared to remain embedded within the titanium matrix in many regions, suggesting a load–bearing role during sliding.To further evaluate the electrochemical stability of the laser–cladded composites, potentiodynamic polarization and open circuit potential measurements were conducted in a NaCl/H₂SO₄ electrolyte.

Electrochemical characterization
Supplementary Figure 1A–Dshows representative potentiodynamic polarization curves obtained for laser-cladded TI6Al4Vcomposites tested in NaCl/H₂SO₄ electrolyte. The curves demonstrated variations in corrosion potential and current density among different compositions. Samples containing higher zirconium content tended to exhibit more noble corrosion potentials and lower corrosion current densities compared with the unmodified TI6Al4Vsubstrate under the same test conditions, as summarized in Table 1.

Open circuit potential and polarization behavior
Supplementary Figure 2andSupplementary Figure 3 present open circuit potential (OCP) measurements recorded over time for unmodified TI6Al4Vand selected laser claddedTI6Al4V/Ti + TiC composites. The OCP profiles varied with composition, with some Ti + TiC reinforced samples showing comparatively more stable and noble potential values during immersion.

Phase analysis by X–ray diffraction
Supplementary Figure 4 shows X–ray diffraction (XRD) patterns for the TI6Al4Vsubstrate and laser-cladded surfaces containing different Ti and TiC contents. Compared with the substrate, the cladded samples exhibited additional diffraction peaks corresponding to TiC phases, indicating the presence of crystalline TiC within the deposited layers.

Potentiodynamic polarization behavior
The potentiodynamic polarization behavior was investigated in NaCl/H₂SO₄ electrolyte for both unmodified TI6Al4V substrate and laser–cladded ceramic–reinforced composites. The unmodified alloy displayed an active electrochemical state, whereas the laser–cladded composites exhibited a shift in corrosion potential towards more positive values. This positive shift suggests enhanced resistance to corrosion following laser cladding with zirconium TI6Al4V containing reinforcements. Variations in the slope of the polarization curves indicate differences in corrosion kinetics among the compositions, with higher ceramic reinforcement fractions showing improved passive film stability. Corrosion current density values were generally lower for samples with zirconium and TiC reinforcement, indicating enhanced corrosion resistance. Moreover, polarization resistance values increased for several reinforced samples, indicating greater resistance to charge transfer (Supplementary Figure 5). The TI6Al4V/70% Zr + 30% TiC composite exhibited the most favorable electrochemical performance, with a noble corrosion potential, reduced corrosion current density, and increased polarization resistance, suggesting enhanced passive film stability and resistance to electrochemical degradation (Supplementary Figure 6A–D) (Table 2).

Tribocorrosionresponse
Figures 6–8 provide representative SEM images of wear tracks obtained after tribocorrosion testing. Differences in wear morphology were observed between Zr/TiCandTi/TiCreinforced composites. Zr/TiC samples generally exhibited narrower wear tracks with less visible plastic deformation, whereas Ti/TiC samples showed localized microcracking and occasional particle pull–out in some regions. These morphological differences were consistent with variations in the electrochemical signals recorded during sliding.

DISCUSSION:
This methods article presents a reproducible protocol for the fabrication, characterization, and tribocorrosion evaluation of additively manufactured TI6Al4Vbased composites reinforced with ceramic phases using laser metal deposition (LMD). The methodology integrates powder characterization, automated in situ mixing, laser cladding, microstructural analysis, electrochemical testing, and coupled tribocorrosion assessment to address the complex degradation mechanisms encountered by titanium alloys in aggressive service environments. By combining mechanical and electrochemical loading within a single experimental framework, the protocol captures synergistic wear corrosion interactions that are not accessible through conventional standalone wear or corrosion tests.

Several procedural steps are particularly critical to ensure reproducibility and reliability. Powder characterization and handling are essential, as particle size distribution, morphology, and chemical purity strongly influence powder flow stability, melt pool dynamics, and reinforcement dispersion during LMD. SEM combined with EDS provides direct visualization of powder morphology and elemental composition, enabling verification of quality before processing and minimizing variability from contamination or agglomeration. Automated in situ powder mixing using a calibrated multi–hopper system allows precise control of matrix–to–reinforcement ratios. Independent gravimetric calibration of each hopper (±2% deviation) is necessary to maintain uniform composition, while an inert argon environment during powder loading and delivery prevents oxidation of reactive powders such as Ti and Zr, which could otherwise alter melt behavior and coating quality. Control of laser processing parameters, including laser power, scanning speed, powder feed rate, and track overlap,is also critical to achieving dense, metallurgically bonded coatings with minimal porosity. 

Deviations in these parameters can introduce defects such as a lack of fusion or excessive dilution, which strongly affect subsequent electrochemical and tribocorrosion measurements. Consistent post deposition metallographic preparation is essential, as surface artifacts introduced during grinding or polishing can significantly influence wear and corrosion responses.
A defining strength of the protocol is the integration of electrochemical testing with tribological loading. Coupling a three–electrode electrochemical cell with a reciprocating ball on plate tribometer enables real-time monitoring of friction, wear, and electrochemical response under sliding conditions, replicating realistic service conditions for biomedical implants and surface-engineered components. This approach allows assessment of combined mechanical and electrochemical degradation mechanisms, providing more representative performance data than standalone corrosion or wear testing21–23.
The methodology also highlights the importance of compositional balance in laser-cladded composites. While ceramic reinforcements improve microhardness, wear resistance, and electrochemical stability, excessive ceramic content can disrupt passive film continuity or create microstructural heterogeneity, which compromises performance during sliding. Systematic variation of reinforcement ratios using the multi–hopper LMD system enables identification of compositions that balance mechanical reinforcement with passive layer stability.The protocol enables evaluation of passive layer stability, including mixed oxide formation in Zr-containing systems, improving resistance to wear–accelerated corrosion compared with Ti/TiC systems, which rely primarily on hardness enhancement. Despite these advantages, the protocol has inherent limitations. The use of NaCl/H₂SO₄ electrolytes represents accelerated testing conditions and does not fully replicate the chemical complexity of physiological fluids, such as protein adsorption, evolving pH, or biological interactions. Tribocorrosion tests conducted under controlled laboratory conditions cannot capture all in vivo variables, including cyclic loading histories and tissue interactions. From a practical perspective, the requirement for advanced LMD equipment with automated powder feeding and real-time monitoring may limit accessibility in some research settings. While SEM and XRD provide robust microstructural and phase information, they do not fully characterize passive film chemistry or nanoscale interfacial phenomena, which may require complementary surface-sensitive techniques24,25.
Relative to existing and alternative methods, this protocol offers a significant methodological advancement. By integrating additive manufacturing, surface engineering, and tribocorrosion testing within a single workflow, the approach captures synergistic interactions between wear and corrosion that dominate material degradation in biomedical and tribological systems26–29. Compared with conventional coatings, laser nitriding, or electron beam surface treatments, LMD enables localized compositional control, strong metallurgical bonding, and scalability for complex geometries. The method complements established tribological and electrochemical techniques by explicitly addressing the unique microstructures and defect populations introduced by additive manufacturing30.
Supplementary Figure 1 depicts the potentiodynamic polarization behavior of the substrate and composite coatings. The curves show a typical passive region for titanium-based alloys, with the zirconium-reinforced composites exhibiting a broader and more stable passive region, indicating enhanced resistance to passive film breakdown. In comparison, the unmodified TI6Al4V substrate shows a narrower passive region and higher anodic current density, suggesting lower electrochemical stability in the tested electrolyte. These findings align with the electrochemical parameters detailed in Table 1.

The broader significance of the protocol lies in its applicability to multiple research domains, including biomedical implants, aerospace components, and surface-engineered systems operating under corrosive and mechanically demanding conditions. Ceramic reinforcements, particularly Zr/TiC, enhance microhardness, corrosion resistance, and tribocorrosion performance through a combination of microstructural refinement and passive layer stabilization. The methodology provides a structured framework for linking processing parameters, composition, and performance in titanium matrix composites31–33. Furthermore, by systematically varying reinforcement content and process conditions, the protocol facilitates optimization studies that identify compositions offering the best combination of hardness, corrosion resistance, and tribocorrosion performance (Table 3).

Looking forward, the methodology can be extended through computational modeling of microstructure evolution and mechanical behavior based on LMD processing parameters and reinforcement content. Finite element analysis (FEA) can simulate stress distribution, deformation, and damage evolution under service conditions, complementing experimental tribocorrosion data and improving predictive capability34–35. Continued refinement of the LMD process control, long-term environmental and mechanical testing, and scalability studies will support the translation of these materials toward industrial and biomedical applications. Overall, this protocol establishes a robust and adaptable foundation for advancing the design, evaluation, and deployment of corrosion and wear-resistant additively manufactured titanium composites.

FIGURES AND TABLE LEGENDS:
Figure 1: Scanning electron micrographs of reinforcement powders used for laser cladding.(A) titanium (Ti), (B) zirconium (Zr), and (C) titanium carbide (TiC). Scale bar = 50 µm.

Figure 2: SEM and EDS analysis of the TI6Al4V substrate.(A) Scanning electron micrograph of the as-received TI6Al4Vsubstrate showing characteristic α–β microstructure. Scale bar = 5 µm. (B) Corresponding energy-dispersive X–ray spectroscopy (EDS) spectrum confirming elemental composition. 

Figure 3: Cross-sectional stereo micrograph of a laser-cladded composite.(A), (B), (C), and(D) Low magnification image showing the cladded layer, heat–affected zone (HAZ), and underlying TI6Al4Vsubstrate, including the surface oxide layer on the cladded region.Scale bar = 1000 µm.

Figure 4: Vickers microhardness profile of TI6Al4V.Microhardness measurements obtained on a polished cross–section of the TI6Al4Vsubstrate using a 100 g load and 15 s dwell time.

Figure 5: Relationship between hardness and wear mass loss. (A) Plot of Vickers microhardness versus sample composition. (B) Corresponding wear mass loss values measured after reciprocating sliding tests.

Figure 6: Wear scar morphology on the TI6Al4V substrate.SEM image of the worn surface after tribological testing, showing abrasive grooves and plastic deformation features of (A) As–received, and (B)90% Zr + 20% TiC composite.Scale bar = 10 µm.

Figure 7: Wear scars on TI6Al4V–Zr–TiC composites. SEM images of wear tracks after sliding tests for: (A) 90% Zr + 10% TiC composite, and (B) 80% Zr + 20% TiC composite.Scale bar = 10 µm.

Figure 8: Wear surface morphology of TI6Al4V–Ti–TiC composites. SEM micrographs of worn surfaces for: (A) 90% Ti + 10% TiC composite, and (B) 80% Ti + 20% TiC composite.Scale bar = 10 µm.

Supplementary Figure 1: Potentiodynamic polarization curves recorded in NaCl/H2SO4 electrolyte. (A) Polarization curve of the Ti6Al4V substrate. (B) Polarization curve of the TI6Al4V–90%Zr composite.(C)Potentiodynamic polarization curve of 90%Ti.Potentiodynamic polarization curve of the TI6Al4V–90%Ti composite recorded in NaCl/H₂SO₄ electrolyte.(D)Potentiodynamic polarization curve of 70%Ti.Potentiodynamic polarization curve of the TI6Al4V–70%Ti composite recorded in NaCl/H₂SO₄ electrolyte.

Supplementary Figure 2: Open circuit potential (OCP) of TI6Al4V and TI6Al4V/Zr–TiC composites.Open circuit potential (OCP) evolution of TI6Al4Vsubstrate and TI6Al4V/Zr–TiC composites measured as a function of immersion time in NaCl/H₂SO₄ solution at room temperature.

Supplementary Figure 3: Open circuit potential (OCP) of TI6Al4Vand laser cladded TI6Al4V/Ti–TiC composites.Open circuit potential (OCP) evolution of TI6Al4Vsubstrate and laser-cladded TI6Al4V/Ti–TiC composites during immersion in NaCl/H₂SO₄ electrolyte.

Supplementary Figure 4: X–ray diffraction (XRD) patterns of substrate and laser–cladded surfaces.X–ray diffraction (XRD) patterns of TI6Al4Vsubstrate and laser–cladded composite surfaces, showing phase evolution after surface modification.

Supplementary Figure 5: Corrosion current density values and polarization resistance.Corrosion current density values were generally lower for samples with zirconium and TiC reinforcement, indicating enhanced corrosion resistance. Moreover, polarization resistance values increased for several reinforced samples, indicating greater resistance to charge transfer.

Supplementary Figure 6: Electrochemical performance of composite. The TI6Al4V/70% Zr + 30% TiC composite exhibited the most favorable electrochemical performance, with a noble corrosion potential, reduced corrosion current density, and increased polarization resistance, suggesting enhanced passive film stability and resistance to electrochemical degradation.

Table 1:Electrochemical corrosion parameters: Derived from Tafel polarization curves for TI6Al4V and laser–cladded TI6Al4V /Zr–TiC composites tested in NaCl + H₂SO₄ electrolyte.

Table 2:Electrochemical corrosion parameters: The electrochemical parameters of Ti6Al4V and  Ti6Al4V/Ti/TiC composite electrode in NaCl + H2SO4.

Table 3: Hardness and wear properties of laser-cladded Ti6Al4V–Zr–TiC and Ti–TiCMMCS: The composition (%), built height (µm), dominant phases detected, hardness H.V0.5,and wear mass loss (g).
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