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Abstract

:

In the present work, X-ray photoelectron spectroscopy (XPS) survey spectra of borided AISI 316L for two different times (1 and 6 h) of exposure to simulated body fluid (SBF) were obtained after wet sliding wear. A borided layer of ~39 microns was obtained on the surface of the AISI 316L stainless steel using the thermochemical treatment of boriding. As part of the mechanical and chemical characterization of sliding wear, Berkovich nanoindentation and X-ray spectroscopy tests were used to determine the main properties of the borided layer. The results of the specific wear rate values were higher at 5 mm/s sliding speed than those recorded at 30 mm/s due to the influence of the exposure time of the sample and the complex combinations of chemical reactions with boron (e.g., B2S3, Cr2O3, and Fe2O3) on the surface during the sliding during 6 h of exposure in Hank’s solution due to the formation of the passive film. The knowledge of chemical species formed during wet sliding wear tests on borided AISI 316L is essential for understanding wear mechanisms and materials’ performance and optimizing material properties and materials’ and components’ reliability in the biomedical industry for screws and fastening plates.
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1. Introduction


AISI 316L alloy has found applications in the field of medicine owing to its favorable characteristics, including biocompatibility, chemical composition, and cost-effectiveness, particularly in the manufacturing of screws and fixation plates [1]. However, one of the notable drawbacks of AISI 316L alloy is its long-term performance, primarily due to its relatively low mechanical properties, such as wear and fatigue resistance [2]. Low wear properties mean that AISI 316L is less prone to material loss due to friction and abrasion (improved thermally or thermochemically). Low wear is beneficial in implants, such as joint replacements or orthopedic devices, because it reduces the likelihood of debris generation. Reduced wear can minimize the risk of adverse tissue reactions, implant loosening, and the need for revision surgeries. Implants are designed to have a long service life within the body. The low wear properties of AISI 316L contribute to the longevity of the implant. However, low fatigue properties are essential for implants subjected to cyclic loading, such as joint prostheses. These implants must withstand repetitive stresses during activities like walking or joint movement. Low fatigue properties ensure the implant’s structural integrity over time, reducing the risk of mechanical failure. Implant fractures can lead to severe complications and may require surgical interventions. Also, minimizing the risk of fatigue-related fractures in load-bearing implants provides greater safety and reliability [3]. These limitations and characteristics can be addressed by modifying the material’s surface by applying different thermal or thermochemical treatments, which, when combined with the base material, create thin layers/coatings. These modifications enhance its tribological performance by reducing surface damage in different environments.



The powder pack boriding process (PPBP) represents a surface thermochemical treatment (boron diffusion) that enhances various industrial materials’ hardness, wear resistance, and corrosion resistance. PPBP offers several advantages over other thermo-chemical processes. It operates at lower temperatures, reducing distortion and preserving material properties. PPBP enhances surface hardness, provides thickness control, and ensures good adhesion and uniformity. It is environmentally friendly, versatile, and can be tailored to specific applications. Short processing times and reduced energy consumption make it a cost-effective choice for surface modification [4].



Ceramic coatings exhibit responses to conventional lubricants like those exhibited by metals; it is important to note that while there are commonalities in the response of ceramics and metals to conventional lubricants, there are also significant differences. Ceramics often have unique properties, including high hardness, wear resistance, and low thermal expansion, which can affect their tribological behavior differently from metals. The choice of lubricant and the design of the tribological system should consider the specific characteristics and requirements of the materials involved. In this way, adequate lubrication reduces the incidence of asperity contact, diminishes surface shear stresses, and lowers material removal. However, it is worth noting that even under lubricated conditions, chemical interactions can still play a significant role in the industry [5].



Several studies have explored the behavior of borided AISI 316L in simulated body fluid environments without considering the effect of sliding speed during wear. For instance, Hanawa et al. [1] researched the chemical characterization of oxide films developed on AISI 316L stainless steel in various simulated body fluid environments, employing the XPS technique to identify the resulting chemical reactions. Campos-Silva et al. [6] assessed the tribocorrosion resistance and cytotoxicity of borided AISI 316L, utilizing a ball-on-flat configuration and Hank’s solution. They adhered to the ASTM G119-09 standard [7] procedure to calculate wear–corrosion synergy. Mejía-Caballero et al. [8] evaluated the corrosion resistance of borided and non-borided AISI 316L over ten days using SBF (Hank’s solution). Meanwhile, Kayali et al. [9] investigated the corrosion behavior of borided AISI 316L samples using electrochemical methods in an SBF solution and employed a ball-on-disc configuration for their experiments.



Contribution of This Work


In this study, the effect of the sliding speed on the passive film formed on borided AISI 316L stainless steel after a wet sliding wear test immersed in Hank’s solution was characterized using XPS to estimate the chemical species formed on the surface, considering a previous work [10]. The knowledge of chemical species formed during wet sliding wear tests on borided AISI 316L is essential for understanding wear mechanisms, assessing materials’ performance, optimizing material properties, and ensuring the reliability of materials and components in real-world applications. It aids in material selection, design, and quality control, ultimately contributing to enhanced performance and durability.



This work provides valuable insights into the effects of boriding treatment on the wear resistance and surface properties of AISI 316L stainless steel in an SBF environment. The findings have implications for improving the durability and performance of materials used in biomedical and engineering applications, where wear and corrosion resistance are crucial factors. Additionally, this study highlights the importance of considering exposure time and chemical reactions in understanding material behavior in challenging environmental conditions.





2. Materials and Methods


2.1. Boriding Thermochemical or Powder Pack Boriding Process


Commercial samples of AISI 316L stainless steel, with a nominal chemical composition in weight percent (17.56 Cr, 10.75 Ni, 2.11 Mo, 1.40 Mn, 0.51 Si, 0.03 P, 0.02 S, 0.02 C, and 67.59 Fe), were obtained as determined in [11]. AISI 316L samples were cut into discs measuring 20 mm in diameter and 4 mm in thickness. The profilometry analysis using Bruker Contour equipment confirmed that the surface roughness of overall analyzed samples of AISI 316L was Ra ≤ 0.05 μm. The AISI 316L stainless steel samples exhibited a surface hardness (H) of around 2.10 GPa and a Young’s modulus (E) of around 242 GPa.



PPBP was conducted at a temperature of 1223 K for a duration of 4 h to develop a borided layer with a thickness of around 30 μm (considering the kinetic model proposed by [12]) using a powder mixture composed of SiC, B4C, and KBF4 (activator, donator, and diffuser) enclosed in a cylindrical case, without the use of an inert atmosphere. After completing the PPBP, the container was extracted from the furnace and gradually cooled to room temperature. Note that for specific applications in the biomedical industry, the short processing times and reduced energy consumption of PPBP make it a cost-effective choice for surface modification.




2.2. Mechanical and Chemical Characterizations


A mirror-finished sample of borided AISI 316L with metallographic preparation was used to identify the growth on the cross-section of the FeB and Fe2B layers using SEM/JEOL equipment operating at 20 kV. The Berkovich nanoindentation test using a CSM instrument applying a constant load of 100 mN was used to determine the H and E behavior.



Wet sliding wear tests of the borided AISI 316L samples were performed using the UMT-2/Bruker tribotest based on the ASTM G133-05 standard [13] procedure with a ball-on-flat condition using an alumina ball of 6 mm in diameter. With the aim of evaluating the behavior of the SBF solution (used as a lubricant with similar properties to the blot [14]), the following test parameters were a total sliding distance (D) of 100 m, two different sliding speeds (5 and 30 mm/s = 6 and 1 h of time exposure), stroke length of 10 mm, and a constant load (L) of 10 N.



After the wet sliding wear tests, the wear volume removed material (V) was measured across the wear tracks by optical profilometry using Bruker Contour equipment, and the specific wear rate (k) was estimated with the equation proposed by Archard, k = V(L × D)—(mm3/Nm) [15].



Finally, XPS analysis of the wear center surface composition of the borided AISI 316L steel was performed using a Thermo Scientific K-Alpha, equipped with a monochromatic AlK-α X-ray source with an energy level of 1487 eV and featuring a dual-mode flood source for compensating charges (DMFG).





3. Results and Discussion


3.1. Chemical Microstructure of the Borided AISI 316L Steel


The total layer thickness composed of FeB and Fe2B is ~39 μm, with FeB = 30.41 ± 2.0 µm and Fe2B = 8.55 ± 0.6 µm, as shown in Figure 1. The flatness of the borided layer on the AISI 316L steel can be attributed to the presence of alloying elements that impede its expansion. It has been documented that chromium (Cr), nickel (Ni), and molybdenum (Mo) serve as diffusion barriers at the boundary between the borided layer and the substrate, in addition to a decreased concentration of carbon, silicon, and boron [16,17,18,19,20,21,22,23,24]. In addition, each chemical element contributes to the layer growth restriction; Cr is a key element in stainless steel alloys, including AISI 316L, known for its corrosion resistance properties, and it forms a protective passive oxide layer on the surface of the steel, which acts as a barrier to prevent further corrosion.



In the same way, Ni, another important alloying element in AISI 316L stainless steel, enhances the steel’s corrosion resistance, particularly in aggressive environments; like Cr, Ni contributes to forming a protective passive film on the steel’s surface. This passive film, often composed of nickel oxide (NiO), serves as a barrier to boron diffusion, restricting the borided layer’s growth. Finally, Mo is added to stainless steel to improve its resistance to pitting and crevice corrosion, especially in chloride-containing environments, which also can form protective oxides (e.g., molybdenum oxide, MoO3) on the steel’s surface, which enhances the material’s overall corrosion resistance. Similar to chromium and nickel, the presence of molybdenum-based oxides creates a diffusion barrier for boron, limiting its penetration and the growth of the borided layer. Finally, these oxide layers act as barriers that impede boron diffusion into the material. As a result, the thickness and growth of the borided layer are limited, impacting the effectiveness of boriding treatments on this specific type of stainless steel [19].




3.2. Instrumented Nanoindentation Berkovich Test Results


The nanoindentation distances on the borided layer were measured using an Olympus/GX51 metallurgical microscope and Image-Pro Plus software. The hardness (H) and Young’s modulus (E) profile are shown in Figure 2. The behavior of H and E values was measured in the ranges of 23–21 GPa and 381–358 GPa (for FeB) and 18–17 GPa and 340–331 GPa (for Fe2B), until a value of around ~3.5 GPa with 235 GPa in the substrate was measured, respectively. The E values are directly related to the trace size effect obtained during the sensed nanoindentation test to measure the material elasticity, as was observed [20,21], and similar results were reported in [20,22].




3.3. Sliding Wear Behavior of the Borided AISI 316L Stainless Steel


Sliding wear revealed the behavior of the friction coefficient (CoF) concerning the relative wear sliding distance for the iron boride layer of the borided AISI 316L when subjected to an Al2O3 ball under wet conditions. The borided AISI 316L samples revealed CoF values of around 0.28 and 0.20 for exposure times of 6 and 1 h, respectively. However, for non-borided AISI 316L samples, the highest CoF values obtained were around 0.45 and 0.29 for 6 and 1 h exposure times, respectively, as reported in [10]. Fluctuations/changes in the CoF behavior could be attributed to various wear mechanisms, the layer’s anisotropy, and the occurrence of the stick–slip phenomenon, which led to the entrapment and expulsion of wear particles (a three-body mechanism), and related to the extent of material transfer from the surface to the counterpart [23].



Lubricants, such as Hank’s solution, create a thin film on contacting surfaces, preventing direct contact and influencing friction and wear characteristics. In the literature, one or more SBF lubricants (salt solutions) have been employed to assess the wear properties of implant materials [24]. However, it is worth noting that Hank’s solution did not produce a sufficiently thick lubrication film, resulting in CoF values ranging between 0.3 and 0.5 [25]. Adequate lubrication reduced the occurrence of asperity contact, minimized surface shear stresses, and reduced material removal. In the experimental conditions examined, Hank’s solution led to a boundary lubrication regime (λ ≤ 1). Nevertheless, even under lubricated conditions, chemical effects remained significant [5].



Specific wear rates were obtained with the equation proposed by Archard in a wet medium (Hank’s solution), showing average values 3.6 times lower for the borided AISI 316L samples (4.77–2.91 × 10−6 mm3/Nm considering exposure times of 6 and 1 h, for borided AISI 316L) than for non-borided AISI 316L steel (17.74–9.66 × 10−6 mm3/Nm considering exposure times of 6 and 1 h). For the same wear conditions in dry tests, k for the non-borided AISI 316L steel was 224–447.4 × 10−6 mm3/Nm and 5.3–8.9 × 10−6 mm3/Nm for the borided AISI 316L steel [26]; the borided steel k value was on average 45 times lower than that of the non-borided AISI 316L steel [27]. This behavior has been previously reported by Kayali [9]. Also, as reported in [28,29], and [30], for ceramics, the specific wear rate does not necessarily decrease with the use of lubricants and can even increase. Comparing results from this study and those reported by [23,26], borided AISI 316L steel k values in a wet medium are ~2 times lower than those in a dry medium, while AISI 316L steel k values in a wet medium are ~22 lower than those in a dry one. In wet conditions, debris acts as an abrasive that ruptures the hydrodynamic film in a lubricating system due to the real contact pressure on each asperity contact.



The boundary lubrication regime does not fully cover the surface roughness (even with low Ra values), where roughness during sliding wear supports most of the load (contact pressure), generating micro-welding, plastic deformation (wear track edge), and the direct interaction between the tribopairs Al2O3/borided AISI 316L. Note that high contact pressures and low sliding speeds are typical in this lubrication regime, influenced by the low viscosity of the lubricant (Hank’s solution). Considering the above, the scheme shown in Figure 3 is established, showing that under the boundary lubrication regime and the action of sliding wear, the influence of the type of elastohydrodynamic lubrication of the particles of Hank’s solution is generated [31].



The surface oxidation during sliding is increased by the action of the temperature that might increase when the sliding speed increases too (facilitating the oxidation of the sliding surfaces aided by the lubricant). This behavior can reduce the wear rate by transforming the wear metallic particles into wear oxide particles (tribo-oxidative wear mode) [32]. Tribo-oxidative wear mode can occur at low sliding speeds with the evidence of the oxide wear particles on the surface-worn track. The decrease in the specific wear rate with increased sliding speed for borided AISI 316L steel has previously been attributed to accelerated stress corrosion due to frictional heating (triggering oxidation due to low sliding speed related to the exposure time) [33]—the formation of an oxide layer that protects the surface against wear being complex to determine.



In metals such as Fe, Ni, Co, and Mo, the oxide film on the surface forms and grows as a crystalline film. However, in the case of Al, Si, and Cr, the oxidation has a light reaction from amorphous layers, and then these layers are transferred to the tribopairs [32]. This hard coating mainly develops the abrasive and adhesive wear mode because of the contact pressure between tribopairs (borided AISI 316L/Al2O3 ball), which is 1.89 GPa calculated from Hertzian theories. At some points, adhered material removal, passive film in Cr2O3, Fe2O3, or B2O3 chemical products, or both phenomena appear. Around the worn Al2O3 balls, smearing should be observed due to the action of the debris that interacted with Hank’s solution, which generated dark areas that are more evident depending on the exposure time, as was previously reported by [10].




3.4. XPS Analysis after Wet Wear Test on the Borided AISI 316L Stainless Steel


The chemical compositions of the borided AISI 316L steel after 1 and 6 h of wear tests in Hank’s solution were analyzed employing the XPS technique, as shown in Figure 4. The survey spectrum of borided AISI 316L stainless steel after the immersion in Hank’s solution evidenced the presence of chemical elements such as B, Ni, Cr, Fe, F, O, N, Ca, P, and Cl. B1s and O1s spectra were examined to identify the species formed over the surface of the borided AISI 316L.



The chemical species contents in atomic percentage obtained from analysis of XPS spectra are reported in Figure 5 and Figure 6 for both exposure times (1 and 6 h). The content of the B element in the borided AISI 316L steel increased from 6.1 to 6.9 wt%. According to [34], the boride values decreased to 0.9 wt. % after the 5th day of immersion in Hank’s solution, affecting the borided layer corrosion resistance due to the low level of boron compounds acquired during the boriding process. Notice that the chemical species contributions related to each peak are named as they appear in the high-resolution spectra (i.e., B1, B2, B3, B4, and B5 are related to borided AISI 316L steel, P is related to both samples, and the Cl change of chemical species is related to the material). The levels of B2S3, FePO4 chemical species, and boron compounds (FeB, Fe2B, CrB, Cr2B, Ni2B, and Ni3B) present are similar to those reported by [6]. These elements change the morphology and chemical composition of the borided AISI 316L steel surface, affecting the wear and corrosion behavior.



On the other hand, the Cl ions form dissolvable complex salts (e.g., CrCl3, FeCl2, and NiCl2) with alloying elements of the AISI 316L stainless steel. During sliding wear, the formation of dissolvable complex salts, such as CrCl3, FeCl2, and NiCl2, with alloying elements in AISI 316L stainless steel can occur due to several factors: (1) When the stainless steel surface is exposed to a corrosive environment such as one containing chloride ions (Cl−), chemical reactions can take place between the alloying elements (e.g., chromium, iron, and nickel) and the chloride ions, forming complex chloride salts. (2) Chloride ions can react with metal cations, such as Cr3+, Fe2+, and Ni2+, present in stainless steels. These reactions form soluble chloride complexes, where the chloride ions bind with metal cations to create stable, soluble compounds. (3) The specific conditions during sliding wear, including the presence of moisture, temperature, and mechanical stress, can promote these chemical reactions; little local frictional heating and mechanical forces can enhance the dissolution of metal ions and their interaction with chloride ions. (4) While some corrosion processes can lead to the degradation of materials, in certain cases, they can also form protective oxide or chloride layers on the surface, which can act as a barrier, preventing further corrosion or wear. (5) The composition of borided AISI 316L stainless steel, which includes alloying elements like chromium, iron, and nickel, makes it susceptible to specific chemical interactions with chloride ions, forming complex salts.



The passive film formed on the surface of the borided AISI 316L steel is made up of a complex combination of chemical interactions between boron, sulfate, and phosphate carrier species (B2O3, H2BO3, B2S3, and Na2B4O7), which leads to the development of pits and cracks on the surface (see Figure 7). On the other hand, cracks are probably caused by galvanic coupling resulting from the difference in electrochemical properties at the coating/substrate interface, characteristic of corrosion mechanisms. According to [6], Hank’s solution increases the corrosion resistance for 72 h, and the passive film acts as protection against wear due to minimizing the contact between tribopairs (Al2O3/surface) [15], thus reducing wear; after this period, the passive film is dissolved (with a tendency for partial dissolution due to the electrolyte), and the corrosion resistance and wear decrease. The passive film on the borided AISI 316L steel is composed of elements such as Fe2O3, MgO, P2O5, B2O3, metal hydroxides, organic compounds, carbonates, and phosphates [35]. On many occasions, the growth of the passive films is influenced by mechanical wear during sliding under tribocorrosion tests [6]. The passivation increase of icorr = 0.21 µA/cm2 and icorr = 0.71 µA/cm2 for borided AISI 316L stainless steel was reported by Campos-Silva et al. [6]. Also, the presence of     S O   4   2 −     and     P O   4   2 +     in Hank’s solution promotes the accumulation of reaction products as B2S3 and FePO4 [8]. However, borided AISI 316L steel exhibits increased corrosion speed due to the surface’s pore amount related to the thermochemical treatment [9].



During the reciprocating sliding wear, the passive film was formed and destroyed in each pass and fell off the Al2O3 ball, which was affected by the time of the frequency of sliding (repassivation process) [6]. However, the Al2O3 counterpart passes over the surface, where the wear particles are exposed to Hank’s solution, while the counterpart removes the passive film, thus forming it on the opposite side as it passes the surface (>0.25 cycles/s takes time to form). On the other hand, the contact points change continuously due to the wear action, which is related to oscillations of the CoF during sliding and, thus, the formation of the densest passive film where no mechanical contact is generated.



The environment composition can cause the FeB-Fe2B layer to passivate and become soluble or insoluble corrosion products (chemical species), forming a mixed layer of wear products and their interaction with Hank’s solution, which aids in reducing material removal volume, specific wear rate, and CoF. This passive film decreases CoF, the wear volume, and the specific wear rate; this performance could be evidenced in the CoF behavior [36].




3.5. Human Body Implant Effects


In real conditions, the corrosion products on borided AISI 316L steel implanted in the femur as a part of an artificial hip joint consist of chromium combined with sulfur and/or iron and phosphorus-containing calcium and chlorides. Iron is preferentially released, and chromium is concentrated on the surface in a chloride solution. In this process, the iron is freely released. According to Hanawa et al. [1], a passive film in a real implant in the human body is not always macroscopically stable and does not ensure excellent tribological performance. Also, concerning chemical products on the implant, the passive film is formed mainly of calcium and phosphorus on stainless steel.



The cytotoxicity study of Campos-Silva et al. [6] revealed that borided AISI 316L steel provides satisfactory properties for the survival and proliferative activity of human fibroblasts and Vero cells on the surface for biomedical applications, with the presence of boron compounds (FeB, Fe2B, CrB, Cr2B, and Ni2B) and various types of salts (CaCl2, NaCl, NaHCO3, and KCl from the culture medium). A thin layer of H2BO3 on the surface of borided AISI 316L steel was found to be biocompatible with MDCK cells when cytotoxicity was tested in vitro, with a protective effect against cellular stress, according to [37]. In addition, low CoF and good biocompatibility evidence that this borided material might be used for joint prostheses under constant wear. On the other hand, chemical species such as BPO4 positively affect cellular viability in in vitro and in vivo studies.



The effect of iron boride toxicity, focusing on FeB and Fe2B layers immersed in SBF, is significant in various industrial and biomedical applications. Iron borides are commonly employed for surface modification and coating of materials, offering enhanced wear resistance and durability. However, understanding the potential toxicity of these borides is crucial, especially when they are used in contexts involving exposure to biological environments. This paper elaborates on the impact of iron boride toxicity in immersion scenarios. In the biomedical field, the biocompatibility of borided layers plays a pivotal role. FeB and Fe2B layers are generally considered biocompatible, making them suitable for applications like medical implants and devices. Nevertheless, individual patient responses can vary, necessitating comprehensive biocompatibility assessments.





4. Conclusions


The specific wear rate was ~3.6 times lower for the borided AISI 316L samples than for non-borided AISI 316L steel. This behavior is explained by the formation of different oxides that could reduce the mechanical contact between the tribopairs (Al2O3/surface), thus reducing material removal.



The boundary lubrication regime (λ ≤ 1) is related to low lubricant thickness, which was found for the sliding contact between the tribopairs of Al2O3 and borided AISI 316L steels immersed in Hank’s solution, promoting material removal.



After wet sliding wear tests, the FeB phase disappeared from the surface because of the formation of the B2S3 species on the surface of the borided AISI 316L steel, promoting an increase in this chemical species when the exposure time increased during the sliding wet wear test; maybe these species protect the surface against wear. In addition, the formation of B2S3 species is indicative of a chemical reaction between boron and sulfur in the corrosive environment.



The corrosion and wear resistance of borided AISI 316L steels is related to corrosion products such as B2S3 and Fe2O3 formed during the sliding wear test; these corrosion products interact with Hank’s solution and the surfaces affecting the performance of the steels.



The simulated body fluid formed chemical reactions that form corrosion products, both soluble and insoluble, forming a mixed layer with the wear products that aid in reducing the volume, material removal, wear rate, and CoF on the surface of the borided AISI 316L steels. During wear generated in the linear reciprocating wear test, oxide islands/points are generated by sliding contact, tribo-chemical reactions between tribopairs, and low velocities and reduce material transfer to the opposite surface and, therefore, material volume removal.
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Figure 1. Microstructure of the borided AISI 316L by SEM. 
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Figure 2. Behavior of hardness (H) and Young modulus (E) in cross-section. 
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Figure 3. Schematic representation of the boundary lubrication regime. 
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Figure 4. XPS survey spectra of borided AISI 316L for two different exposure times. Note: Red line is for 1 h, and blue line is for 6 h of exposition. 
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Figure 5. Cl2p-P2s-B1s chemical species determined by XPS analysis on the borided AISI 316L surface. 
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Figure 6. O1s chemical species determined by XPS analysis on the borided AISI 316L surface. 
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Figure 7. Main wear mechanisms over the surface. 
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