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This paper discusses the experimental procedure and results of an investigation into the sliding wear behavior of Co-Cr-Mo specimens produced by selective laser melting (SLM) process. The sliding wear tests were carried out with different normal loads, sliding frequencies, and temperatures. The results showed that the coefficient of friction decreased as the applied normal load increased due to the temperature effect. The wear rate increased significantly at higher loads due to increased surface stresses. Testing the specimens at elevated temperatures resulted in a decrease in COF due to thermal softening and the formation of an oxide layer on the surface. The wear rate increased for specimens tested at 200°C due to a decrease in hardness and strength, but the wear rate decreased at higher temperatures due to the protective effect of the oxide layer. The obtained results showed the SLM-printed Co-Cr-Mo alloy exhibited good mechanical properties and wear resistance, making it a promising material for tribological applications, especially at elevated temperatures.
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1 INTRODUCTION
Co-Cr-Mo (Cobalt-Chromium-Molybdenum) alloy is a versatile and highly sought-after material that is used in a variety of industries, primarily due to its exceptional mechanical properties and corrosion resistance (Tonelli et al., 2020; Anuar et al., 2021). The biocompatibility of Co-Cr-Mo alloy is an important feature that makes it an excellent choice for medical applications (Kim et al., 2020). It has been extensively studied and found to be safe for use in orthopedic and dental implants, as well as other medical devices (Hassani et al., 2016; Liverani et al., 2016; Dong et al., 2020; Kim et al., 2020). The excellent corrosion resistance of Co-Cr-Mo alloy ensures that the implants will not corrode or degrade over time (Varano et al., 2006; Liverani et al., 2016), which can lead to complications and implant failure.
The high strength, ductility, and resistance to wear and corrosion of Co-Cr-Mo alloy also make it a preferred material in aerospace, automotive, and industrial applications. In aerospace, Co-Cr-Mo alloy is used to manufacture aircraft engine components, such as compressor blades, turbine blades, and exhaust valves (Varano et al., 2006; Kajima et al., 2021). In the automotive industry, Co-Cr-Mo alloy is used for manufacturing engine and transmission components that are subjected to high temperatures and stresses. In industrial applications, Co-Cr-Mo alloy is used to manufacture a variety of components, such as pumps, valves, and bearings. The excellent wear resistance of Co-Cr-Mo alloy ensures that these components have a long service life and require minimal maintenance (Balagna et al., 2012; Sing et al., 2020).
The manufacturing processes for Co-Cr-Mo alloy include casting, powder metallurgy, and additive manufacturing. The choice of manufacturing process depends on the complexity of the part, the required precision and accuracy, the desired quantity, and the cost. Selective laser melting (SLM) is a popular additive manufacturing technology used to fabricate complex metallic parts with high precision and accuracy (Li et al., 2019a; Korkmaz et al., 2022a). The process involves the use of a high-powered laser beam to selectively melt a bed of metal powder, layer by layer, to build up a three-dimensional (3D) part (Li et al., 2018a; Korkmaz et al., 2022b). Co-Cr-Mo alloy is a common material used in SLM (Roudnicka et al., 2021; Wang et al., 2021). One of the advantages of SLM for Co-Cr-Mo alloy is that it enables the fabrication of complex geometries that would be difficult or impossible to achieve using traditional manufacturing methods. The SLM process also offers advantages in terms of material utilization and waste reduction. Since the powder is selectively melted, only the necessary amount of material is used, reducing waste and material costs. Additionally, the powder that is not melted can be reused in subsequent builds, further reducing material waste (Li et al., 2019b).
Although research has been conducted on the microstructure and mechanical properties of cobalt-chromium alloys produced by SLM (Song et al., 2018; Sing et al., 2020; Takaichi et al., 2020; Tonelli et al., 2020), there is a limited understanding of their tribological performance. While Schwindling et al. (Schwindling et al., 2015) investigated the wear resistance of Co-Cr alloy manufactured by SLM for dental applications and Duran et al. (Duran et al., 2018) studied the tribological performance of Co-Cr-Mo alloys fabricated by SLM and casting, both studies had limitations. Both papers conducted their sliding wear tests at a constant load and sliding speed at room temperature, without studying the wear mechanisms of the alloy.
Fu et al. (Fu et al., 2022) compared the suitability of selective SLM versus traditional casting for producing dental Co-Cr alloys. They evaluated the microstructure, surface composition, mechanical properties, and wear resistance of the alloys and found that SLM alloys exhibited superior wear performance compared to the cast alloys. However, in their study, they did not investigate the effects of load, sliding speed, and temperature on the COF and wear rate, and did not examine the wear morphology and mechanisms.
Tonelli et al. (Tonelli et al., 2022) studied the dry sliding wear behavior of Co-28Cr-6Mo alloy produced by SLM and conventional wrought alloy. They found that the as-built Laser-PBF alloy displayed greater wear resistance than the conventional wrought alloy. The optimized aging treatment significantly altered the as-built Laser-PBF microstructure and generally improved the alloy’s friction and wear behavior. However, their study only investigated the sliding wear behavior at room temperature with no variation in the sliding speed.
The only paper investigating the high-temperature tribology of SLM-printed Co-Cr-Mo alloy was published by Cornacchia et al. (Cornacchia et al., 2022). They investigated the microstructural, mechanical, and tribological characteristics of Co-Cr-Mo alloy produced by SLM under different heat treatment conditions and hot isostatic pressing. A ball-on-disk tribometer was used for the sliding wear tests at a constant load and speed. Specimens were tested at two elevated temperatures of 800°C and 1,150°C. An alumina ball was used as the counter material and the results showed that an oxide film forming on the surface of the wear track could act as a protective layer on the metal surface causing the COF reduction for the specimens, but the wear rate generally increased as the test temperature increased. However, the effects of applied load and sliding speed on the COF and wear rate were not studied. The wear tests were conducted with a total sliding distance of only 50 m and wear mechanisms have not been investigated.
Overall, there is a lack of systematic research on the tribological performance of SLM Co-Cr-Mo alloy under different working conditions, and the wear morphology and mechanisms have not been explored in detail. Therefore, in this paper, we present the results of sliding wear tests of SLM-printed Co-Cr-Mo alloy under various applied loads, sliding speeds, and temperatures. We utilized scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) to investigate the wear mechanisms and chemical compositions of the wear tracks. The results can serve as a reference for the selection of appropriate operating conditions to effectively minimize wear in applications involving SLM-printed Co-Cr-Mo alloy.
2 EXPERIMENTAL PROCEDURE
The production of the Co-Cr-Mo specimens was carried out using an industrial 3D printer, Ren AM 250 SLM printer model, manufactured by Renishaw (Wotton-under-Edge, England). The SLM printer featured an upgraded laser system capable of delivering a maximum laser power of 400 W. The build volume of the SLM machine was 250 mm × 250 mm × 300 mm (Z-axis). The default laser spot size diameter was Ɵ = 140 μm, allowing for precision in printing.
To ensure optimal printing conditions, the oxygen concentration inside the building chamber was carefully regulated to be below 50 ppm. This was necessary as the presence of oxygen can negatively impact the quality of the printed object, leading to reduced mechanical properties and poor surface finish. As recommended by the manufacturer, the ideal powder for the printer should be spherical in shape and have a particle size range of 15 μm–45 μm, ensuring that the powder can be uniformly distributed and fused together during the printing process.
The Co-Cr-Mo specimens had dimensions of 40 mm × 20 mm × 10 mm and were fabricated using a metal powder that complies with the Co-Cr-Mo ASTM F75 standard, which was provided by Renishaw. The powder had a particle size range of 15 μm–45 μm and a nominal composition in wt% of 58.9–69.5 Co, 27.0–30.0 Cr, and 5.0–7.0 Mo, with small amounts of other elements such as Ni, Fe, C, Si, Mg, W, P, S, Al, and Ti (Renishaw, 2023). Figure 1 shows an SEM image of the Co-Cr-Mo powder used in the selective laser melting process and the EDS analysis results. The addition of molybdenum in the Co-Cr-Mo alloy enhances its strength and heat resistance, making it suitable for use in high-temperature environments. Meanwhile, the presence of chromium provides the alloy with resistance to oxidation and corrosion, making it ideal for use in biomedical applications (Anuar et al., 2021). The SLM process parameters used to produce the Co-Cr-Mo specimens are summarized in Table 1. These process parameters are the optimum parameters suggested by the SLM machine manufacturer for this alloy. These parameters ensure minimal defects for the samples produced by the SLM process, thereby contributing to the enhanced integrity and quality of the Co-Cr-Mo specimens.
[image: Figure 1]FIGURE 1 | EDS analysis of the Co-Cr-Mo powder.
TABLE 1 | Process parameters for selective laser melting of cobalt-chromium-molybdenum alloy.
[image: Table 1]In this study, polished specimens were tested for their hardness using a Leco LM-800AT microhardness tester with 1 kgf load. A Buehler-EcoMet 30 machine and various Silicon Carbide (SiC) sandpapers with grit sizes of #180, 500, 1,200, and 2,400 were used for grinding the specimens. After the grinding, diamond paste was used to polish the specimens using a Struers-Labopol-2 machine to achieve a high-quality, mirror-like surface finish.
To evaluate the sliding wear resistance of the specimens, experiments were conducted using a Ducom Instruments TR-282 linear reciprocating tribometer as shown in Figure 2. As-printed specimens with no surface modification or polishing were used for the sliding wear tests. The SLM-printed specimens had an average surface roughness (Ra) of 7.3578 µm and a density of 8,125 kg/m3. The sliding wear experiments were carried out with different normal loads of 5N, 10N, and 15N, as well as a sliding frequency of 5 Hz. The tests were performed at varying temperatures of 22°C, 200°C, 400°C, and 600°C. A 10 mm diameter hardened steel ball with an average roughness value of Ra = 1.2 µm was used as the counter material. Hardened stainless steel is widely acknowledged as a benchmark material for wear testing across various industries and its use as a counter material allows for meaningful comparative analysis and benchmarking of our alloy’s tribological performance against established standards. The tribometer was set to generate a wear track (sliding stroke) of 10mm, and the total sliding distance covered was set to 1000 m for all tests. Each test was conducted at least three times, and the average values of the coefficient of friction (COF) and wear rates were recorded and reported in the study.
[image: Figure 2]FIGURE 2 | Experimental set up for sliding wear tests.
We conducted dry wear tests as in certain high-temperature applications, such as aerospace and industrial settings, lubrication may not be practical or possible. Therefore, evaluating the material’s performance under dry conditions is crucial as it mirrors real-world scenarios where lubrication might be challenging. Additionally, dry sliding wear tests enable us to examine the material’s inherent tribological behavior without the influence of lubricants, providing valuable insights into fundamental wear mechanisms and material characteristics.
To obtain accurate data on the wear rate of the specimens, a Talysurf 50 stylus profilometer (from Taylor Hobson, Leicester, England) was utilized to measure the cross-sectional area of the wear tracks. To achieve this, five sections of each wear track were scanned by the stylus profilometer, which provided a raw profile graph of the worn surface of the specimen, thereby enabling the depth and width of the wear scars to be determined. To obtain the average wear scar surfaces, the images obtained from the stylus profilometer were analyzed using ImageJ, an image analysis software. The average cross-sectional area of the wear scars was then multiplied by the wear track length of 10mm, which yielded the wear volume. The wear rates (mm3/m) were subsequently calculated by dividing the average wear volume (mm3) by the total sliding wear distance m). The tribological performance of the SLM-printed Co-Cr-Mo alloy has been compared with the same alloy manufactured by the conventional casting process. The Co-29Cr-6Mo plates produced by investment casting were obtained from a local supplier for this purpose.
In order to gain a deeper understanding of the microstructure and wear mechanisms of the tested specimens, a Hitachi SU-70 field emission scanning electron microscope (FE-SEM) was employed. Additionally, energy-dispersive X-ray spectroscopy (EDX) was utilized to identify and quantify the elemental composition of the worn surfaces. The combination of FE-SEM and EDX allowed for a comprehensive analysis of the microstructure and elemental composition of the worn surfaces, which helped to reveal the underlying wear mechanisms.
3 RESULTS AND DISCUSSION
Figure 3A shows the microstructure and melt pool boundaries of the printed alloy. SLM-printed Co-Cr-Mo alloy typically exhibits a fine cellular dendritic structure, which is due to the rapid solidification of the molten material during the SLM process (Roudnicka et al., 2021). The melt pool boundaries of SLM-printed Co-Cr-Mo alloy are formed by the solidification of the molten material, which results in a characteristic “honeycomb” structure. This structure is a result of the non-uniform cooling of the melt pool, which causes the formation of preferential solidification sites. The fine dendritic structure and honeycomb-like melt pool boundaries contribute to the material’s high strength and ductility (Li et al., 2020).
[image: Figure 3]FIGURE 3 | SEM micrographs of (A) Melt pools; and (B) lack of fusion of selective laser melted cobalt-chromium-molybdenum alloy specimens (as printed).
Figure 3B shows the lack of fusion in printed specimens. Lack of fusion is a common defect that can occur in SLM-printed Co-Cr-Mo alloy, and it refers to the incomplete melting and bonding of adjacent powder particles during the printing process. This defect can negatively affect the mechanical properties and the overall quality of the printed part (Li et al., 2018b). The microhardness profiles generated revealed a uniform hardness profile across the thickness of the specimen, with an average microhardness value of 409.67 HV. Along the wear track, the average microhardness value was 404.05 HV. The uniform longitudinal and cross-section hardness profiles observed suggest that the material’s microstructure is well-developed, and the material possesses high resistance to plastic deformation.
Figure 4 shows the effect of applied normal load on the coefficient of friction (COF) and wear rate of the SLM-printed specimens, compared to the specimens produced by the conventional casting process. The cast specimens show lower COF, but a similar or higher wear rate compared to the SLM-printed specimens. As the applied normal load increases, the COF between the Co-Cr-Mo plate and the hardened steel ball decreases. This is mainly due to the temperature effect. At higher loads, the temperature at the interface between the two surfaces increases due to frictional heating. This increase in temperature causes the surface to soften and the asperities more easily deform, leading to a reduction in the COF (Li et al., 2023). It can be observed that the change in COF is relatively subtle as we increase the applied load from 10N to 15N. This could be attributed to the fact that at the higher load, the wear rate increases, and the presence of wear debris creates a rougher contact surface that balances the effect of frictional heating for the tests conducted at room temperature.
[image: Figure 4]FIGURE 4 | Effect of normal load on (A) average coefficient of friction, and (B) wear rate. All tests were conducted at room temperature and 5 HZ frequency in dry contact.
On the other hand, as can be seen from Figure 4B, the wear rate increases significantly at higher loads. This is mainly due to increased surface stresses at higher loads. These stresses can lead to the initiation and propagation of cracks or other defects, resulting in more significant wear. At higher loads, the surfaces in contact may undergo plastic deformation, leading to permanent changes in the surface topography (Li et al., 2018a). This plastic deformation can also increase the roughness of the surfaces, leading to more significant wear.
Figure 5 shows the effect of temperature on the variation of COF with test time. As the temperature increases from room temperature to 600°C, the COF decreases. This is due to a combination of thermal softening and the formation of an oxide layer on the surface. As the temperature increases, the materials in contact can undergo thermal softening, which reduces the contact pressure between the surfaces. A reduction in contact pressure can reduce the frictional forces acting between the surfaces, resulting in a decrease in the coefficient of friction. Testing the specimens at elevated temperatures can also lead to the formation of an oxide layer on the wear track (Li et al., 2023). The oxide layer can have lubricating properties, which can reduce the frictional forces acting between the two surfaces. The oxide layer can act as a solid lubricant by providing a low-friction surface between the two surfaces.
[image: Figure 5]FIGURE 5 | Variation of coefficient of friction versus time for SLM specimens tested at different temperatures. All tests were conducted in dry contact under 10 N load and 5 Hz frequency.
It can be seen from Figure 5 that the COF graph at room temperature fluctuates, but the COF curve becomes more stable as the temperature increases. The surface roughness of the two materials in contact can lead to fluctuations in the COF. As the surfaces come into contact, the asperities can interlock and cause the COF to increase (Ramezani et al., 2009a; Ramezani et al., 2009b). As the surfaces slide past each other, the asperities can be released, causing a decrease in the COF. However, as the temperature increases, the materials in contact can undergo thermal softening, resulting in a reduction in surface roughness. The reduction in surface roughness can lead to a more stable COF with less fluctuation.
The fluctuations in COF can also be attributed to the dynamic interactions of debris generated during the sliding movement. It suggests the presence of a third-body effect, indicating the occurrence of three-body abrasive wear as can be later observed in the SEM images of the wear track (Figure 8). In such wear conditions, particles, debris, or contaminants act as intermediaries between the sliding surfaces, affecting their frictional behavior. The intermittent nature of COF oscillations could be linked to variations in the concentration and distribution of these particles within the contact interface during the tribological testing. This dynamic behavior underscores the complexity of the wear mechanisms at play, highlighting the importance of comprehensive analysis and understanding of the tribological processes in the Co-Cr-Mo alloy system.
The decrease in average COF with temperature can also be observed in Figure 6A. As explained, the combination of thermal softening and the formation of an oxide layer can work together to reduce COF. As the temperature increases, the materials in contact undergo thermal softening, reducing the surface roughness and the interlocking of asperities. The formation of the oxide layer on the surface further reduces the adhesion and friction between the two surfaces, leading to a lower COF.
[image: Figure 6]FIGURE 6 | Effect of temperature on (A) average coefficient of friction, and (B) wear rate. All tests were conducted under 10 N load and 5 HZ frequency in dry contact.
Despite the decrease in COF, the wear rate slightly increases, as the test temperature increases. As can be seen in Figure 6B, the maximum wear rate is at 200°C and the wear rate then decreases, with almost similar wear rate at room temperature and 600°C. At 200°C, the mechanical properties of the alloy are affected, causing a decrease in its hardness and strength. This results in accelerated wear and tear of the alloy, leading to an increase in wear rate. However, as the temperature increases, the metal reacts with oxygen in the environment to form a thin layer of oxide. The oxide layer that forms on the surface of the alloy can be very thin, typically only a few nanometers thick, but it is very effective in protecting the underlying metal from wear (Yang et al., 2021). This is because the oxide layer is tightly adhered to the metal surface and is very stable, making it resistant to further oxidation and wear. The cast specimens showed similar behavior to the SLM-printed specimens, with slightly lower COF and higher wear rate. The lower wear rate observed in SLM-printed Co-Cr-Mo compared to cast specimens can be attributed to a combination of factors, including a more homogeneous microstructure with fewer defects, finer grain size, and higher strength and hardness. The results of microhardness measurements support this observation, with an average microhardness value of 404.05 HV for SLM-printed specimens along the wear track, compared to the average microhardness of 396.33 HV for the cast specimens.
Figure 7 shows the effect of sliding distance on the wear volume. The sliding wear tests were stopped at 200 m intervals, and the wear volumes were measured using a stylus profilometer, with the process explained in Section 2. In all temperature conditions, the wear volume progressively rises with time. Nevertheless, the rate of wear gradually declines with continued sliding at elevated temperatures. At room temperature, the relationship between wear volume and sliding distance is almost linear. Initially, the wear rate is substantially higher at elevated temperatures, but it gradually reduces over time. The formation of a protective oxide layer causes the wear rate to decrease as the sliding distance increases.
[image: Figure 7]FIGURE 7 | Effect of sliding distance on wear volume of SLM specimens at different temperatures. All tests were conducted at 10 N load, 5 Hz frequency, and dry contact.
Figure 8 shows the SEM images of the wear tracks for specimens tested at room temperature and 600°C. At room temperature, the wear mechanism is dominated by abrasive wear, as can be observed by the presence of grooves and wear debris. Galling can also be observed on the wear track in Figure 8A, and the cracks on the surface represent fatigue wear, due to repetitive contact. On the other hand, Figure 8B shows that adhesive wear is the dominant wear mechanism at elevated temperatures. At high temperatures, the surfaces of materials undergo significant changes in their mechanical and physical properties. In particular, the surface layers can soften or deform due to thermal activation, resulting in a higher tendency for adhesive wear.
[image: Figure 8]FIGURE 8 | Wear tracks after reciprocating sliding wear tests under 10 N applied load and 5 Hz frequency at (A) room temperature, and (B) 600°C.
Figure 9 demonstrates the EDX analysis of a wear track tested at room temperature. The surface of the wear track is primarily composed of chromium (Cr), cobalt (Co), and molybdenum (Mo), which is in line with expectations. However, the analysis also reveals the presence of oxide particles. This can be attributed to the increase in contact interface temperature during reciprocating sliding, leading to the oxidation of wear debris and surface particles. The presence of iron (Fe) element shows material transfer from the counter ball to the Co-Cr-Mo specimen. Figure 10 shows the EDX analysis for a specimen tested at 600°C, with the same chemical elements present, but a higher oxygen level. Figure 10B shows the level of oxygen on the surface of the specimens tested at different temperatures. As can be seen from the figure, as the test temperature increases, the oxide content determined by EDS-ZAF analysis increases. The results represent the formation of a protective oxide layer on the wear track surfaces. The thin oxide layer plays a dual role. Firstly, it functions as a protective shield, guarding the underlying metal from direct wear. Secondly, its rupture during high contact friction generates self-lubricating particles that help reduce frictional forces, thereby enhancing wear resistance in the sliding wear tests.
[image: Figure 9]FIGURE 9 | EDX analysis of the wear track of a specimen tested at room temperature, under dry contact, 10 N load, and 5 Hz frequency.
[image: Figure 10]FIGURE 10 | (A) EDX spectra of the wear track of a specimen tested under dry contact, 10 N load, and 5 Hz frequency at 600°C; (B) Oxide content determined by EDS-ZAF analysis on wear tracks of specimens tested at different temperatures.
Figure 11 depicts the worn surface of the hardened steel ball. EDX spectra were collected from a small area at the edge of the worn surface, and the distribution of each element in the scanned area is shown in the EDX mapping in Figure 11. The primary element present on the ball is iron (Fe), with traces of Co and Cr wear debris observed on the worn surface. Additionally, the presence of oxygen indicates that the worn particles are being oxidized.
[image: Figure 11]FIGURE 11 | SEM images of the hardened steel ball after sliding wear test at the elevated temperature of 600°C, under 5 Hz frequency, 10N load, and dry contact). Cobalt-chromium alloy and oxygen can be observed on the ball surface.
4 CONCLUSION
This study examined the wear behavior of SLM-printed Co-Cr-Mo alloy. The microstructure of the printed alloy exhibited a fine dendritic structure and honeycomb-like melt pool boundaries, contributing to its high strength and ductility. However, lack of fusion was observed in the printed specimens, which can negatively affect the mechanical properties of the printed part. The material’s microhardness profiles generated revealed a uniform hardness profile across the thickness of the specimen, indicating that the material possesses high resistance to plastic deformation.
The effect of the applied normal load on the COF and wear rate of the SLM-printed specimens was compared to the specimens produced by the conventional casting process. As the applied normal load increases, the COF between the Co-Cr-Mo plate and the hardened steel ball decreases, mainly due to the temperature effect. However, the wear rate increases significantly at higher loads due to increased surface stresses, leading to the initiation and propagation of cracks or other defects.
Testing the specimens at elevated temperatures led to the formation of an oxide layer on the wear track. The oxide layer can have lubricating properties, which can reduce the frictional forces acting between the two surfaces. The combination of thermal softening and the formation of an oxide layer can work together to reduce COF. However, the wear rate slightly increases as the test temperature increases due to the mechanical properties of the alloy being affected, causing a decrease in its hardness and strength. The formation of the oxide layer on the surface of the alloy can be very effective in protecting the underlying metal from wear. The findings suggest that the material possesses high wear resistance, making it suitable for a wide range of load-bearing applications, especially at elevated temperatures.
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