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Titanium alloy Ti6Al4V is extensively utilized in biomedical applications due to its excellent biocompatibility, corrosion resistance, and mechanical properties. The design of dental implant surface textures has changed throughout time to address issues with oral rehabilitation in both healthy and damaged bones. The longevity of an implant is significantly impacted by surface roughness. This study examines the use of laser shock peening (LSP) as a surface modification technique to improve the mechanical properties of implants. A numerical model is developed using the commercial finite elements software in ABAQUS/Explicit for simulating dynamic conditions. The aim of the study is to develop surface roughness parameters using computational methods such as studies have not yet been contemplated. The single shot angle, shot repeat, time, material orientation, and laser power are applied for the first time simultaneously to evaluate the impact of material orientation and loading angles on surface roughness parameters. The study showed that the developed computational model’s compressive residual stress was −578.45 MPa, while the experimental samples were −592.18 MPa. Consequently, the difference between the computational and experimental results was 2.32%. Without regard to material orientation or angle, the compressive residual stress of the samples under examination was found to be −578.450 MPa after three repetitions and to decreased to −1.620 MPa after four. These results demonstrate that by varying the material orientation and loading angle, the Ra value may be increased four times.
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1 INTRODUCTION
The term “direct contact between living bone and implant” refers to osseointegration (Lebea D. et al., 2024). Histological anchoring of an implant can be defined as the process in which bony tissue grows around the implant without the formation of fibrous tissue at the interface between the implant and the bone (Al-zubaidi et al., 2020). According to numerous studies (Lebea et al., 2021; Lebea, H. M. et al., 2022), the morphology, structure, and wettability of the implant surface all play significant roles in osseointegration (Al-zubaidi et al., 2020). Despite being commonly utilized biomaterials in the production of dental implants for use in orthopedic and maxillofacial surgery, titanium (Ti) and its alloys do not directly bond with living bone (Lebea L. et al., 2022). As a natural byproduct of machining, surface roughness is usually strictly required when the treated materials are utilized in structural components subjected to cyclic loads (Xiao et al., 2012). Arithmetic mean roughness (Ra), an average geometric parameter, is typically used to describe surface roughness (Öztürk and Kara, 2020). Furthermore, modern industry depends on the efficiency and precision of roughness measures (Ren et al., 2021). Although titanium materials have long been subject to surface treatments (Le Guéhennec et al., 2007; Jemat et al., 2015; Marenzi et al., 2019), technology for these treatments has advanced significantly over the past 10 years (Kunrath, 2020). According to Obiukwu et al. (2015), surface roughness has a significant impact on how long an implant will last (Obiukwu et al., 2015). Surface topography and roughness must be characterized in order to reveal surface wear and damage (Suh et al., 2003).
The authors characterized the surface roughness and analyzed the electron beam melting (EBM) process, finding that the average roughness values (Ra) were consistent with those reported in the literature for the EBM process (Galati et al., 2019). Abaqus, a flexible finite element analysis (FEA) application, is used to model heterogeneous and homogeneous structures (Khamis, Zin, and Bahari, 2016). The material model is a significant additional aspect that impacts FEA results, and several techniques have also been applied in this domain (Crupi et al., 2017). Plasticity is usually incorporated into the material model through various techniques, like the elastic–perfectly plastic model, a bilinear elastic–plastic model (which accounts for strain hardening), or by directly utilizing the material’s stress–strain data to evaluate damage (Ruiz de Galarreta et al., 2020; Xu et al., 2019). A laser beam strikes the metallic target’s sacrificial layer during the LSP process, generating plasma that rapidly expands and sends shock waves into the surrounding area (Rozmus-Gornikowska et al., 2020). The metal is subjected to compressive residual stresses due to these shock waves, which improve its mechanical properties. Plastic deformation occurs when the compressive residual stresses generated exceed the yield strength of the metal being processed. Diffraction techniques are the main methods used to measure residual stresses. The sin2ψ and cosα methods are two of the four main diffraction techniques commonly used to assess residual stresses. These techniques can be used with synchrotron and neutron diffraction techniques as well as laboratory diffractometers (Schubnell et al., 2023). Additionally, the residual stress was measured from the surface to a depth of 1 mm using the Prism residual stress measuring system, which is based on the hole-drilling approach (Guo et al., 2018).
To determine the ideal combination of factors that simultaneously ensure surface integrity and the intended residual stress field, residual stress measurements were performed on the same groups of specimens used for the surface roughness evaluation in a previous study (Attolico et al., 2022). The metal’s mechanical properties are improved by the compressive residual stresses induced by these shock waves. When these compressive residual stresses exceed the yield strength of the treated metal, plastic deformation occurs. The main approach to quantifying residual stresses is through diffraction techniques. It is a common practice to evaluate residual stresses using two of the four main diffraction techniques, namely, the sin2ψ and cosα approaches. Both synchrotron and neutron diffraction methods and lab diffractometers can be used to apply these methods (Schubnell et al., 2023). Furthermore, utilizing the hole-drilling approach-based Prism residual stress measuring system, the residual stress was measured from the surface to a depth of 1 mm (Guo et al., 2018). Sun et al. (2023) used an HDS-I type X-ray residual stress tester to assess residual stresses in the surface and depth directions of the strengthened area, measuring residual stresses at 0.2 mm intervals from the surface.
Laser shock peening (LSP) is a surface modification process that improves the mechanical properties of metals and alloys (Ningthemba and Singh, 2022). It has been characterized as a procedure where the surface layer of a target substance or coating is vaporized using brief, intense laser pulses. The temperature of this vapor is increased. To estimate the size and depth of the compressive residual stress in LSP, analytical investigations have been carried out (Cheng, 2013). These analytical solutions, however, are oversimplified and only work with single-pulse LSP and standard laser beam size. Because it is a hybrid process involving multiple disciplines, the mechanics of laser shock peening provides many fascinating issues. The two factors, namely, loading angle and material orientation, were derived from previously published work (Lebea H. M. et al., 2022; Lebea et al., 2023; Lebea D. et al., 2024). These parameters were in line with the ISO 140800 standard for testing dental implants. As such, the purpose of this study is to develop a computational model of laser shock peening with five parameters, namely, shot angle, shot repetition, time, material orientation, and laser power; such studies have not yet been explored in the development of surface roughness parameters for dental application. The study utilizes the previous recommendations made by Lebea L. et al. (2023), who identified an orientation angle of 60 degrees as a potential factor.
2 METHODOLOGY
2.1 Computational modeling
2.1.1 Model setup
The finite element analysis approach was utilized in this study employing Abaqus CAE 2020 software with the explicit solver, as shown in Figure 1. In this study, nine sets of computational experiments were conducted with single-shot repetition, single-shot angles, laser power, time, and material orientation as parameters for the laser shock peening finite element modeling test, as shown in Table 1.
[image: Figure 1]FIGURE 1 | Flow chart of the laser shock peening simulation procedure carried out in Abaqus CAE.
TABLE 1 | Demonstration of the parameters used during the computational modeling.
[image: Table 1]Fatigue failure of dental implants was previously observed, with the implant failing between the second and third threads. Based on the study by Lebea D. et al. (2024), the 60-degree angle was selected. However, by using laser shock peening, its lower surface roughness property can be increased. Their work has shown that a 60⁰ orientation offers potential for application as implant material. For the 60⁰ orientation sample, the study has created an avenue for exploration. In this study, we employ cutting-edge computational modeling approaches to improve the surface roughness qualities of titanium attributes. However, Fameso et al. (2021) reported the successful application of this technology in turbine usage.
2.1.2 Mesh study, boundary condition, loading condition, and orientation
A total of 383313 nodes were used, and 359440 linear hexahedral elements of type C3D8R were employed, as seen in Figure 2A. The mesh convergence analysis was conducted to ascertain the mesh quality. The default mesh size was progressively decreased until the stress curve flattened, and a constant result was attained. Figure 2B shows infinite elements, with a total mesh size of 0.0001 mm. A finer mesh was used around the shot’s diameter to reduce distortion.
[image: Figure 2]FIGURE 2 | (A, B) Mesh applied to a titanium alloy.
The study introduces fiber orientation, single repetition, and pressure load orientation. This follows a worst-case scenario in the application of dental implant design. By changing the orientation of the material, it is possible to enhance the strength and stiffness of the material. The fiber orientation was assigned to the model at a 60-degree angle using the coordinate system, as shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Material orientation using the coordinate system at 60 degrees and (B) boundary conditions and applied surface load at 60 degrees.
The boundary conditions of the samples are set to allow laser power to be applied as a distributed load along the laser shot spot, as shown in Figure 3B. The simulation follows the pulse temporal profile, as shown in Figure 4, and the load was assigned a 60-degree angle for computational tests 2 and 3. Computational test 1 had no material orientation or shot angles, as shown in Table 1. This approach allowed the comparison and distinction of the effect of the applied parameters.
[image: Figure 4]FIGURE 4 | Laser pressure pulse temporal profile.
2.2 Material model development
2.2.1 Johnson–Cook plasticity model
The relationships between stress and strain in the degradation of metallic materials may be sufficiently described using the Johnson–Cook model in the presence of large deformation, high strain rates, and increasing temperatures. Its simple structure and ease of estimating material constants have made it a popular tool among researchers to predict the flow behavior of various materials. The flow stress model has the following expression:
[image: image]
where σ is the equivalent stress and [image: image], and [image: image] are the equivalent plastic strains. The material constants are A, B, n, C, and m. A is the yield stress of the material under reference conditions. B is the strain hardening constant, n is the strain hardening coefficient, C is the strengthening coefficient of the strain rate, and m is the thermal softening coefficient. The model parameters were fitted with values shown in Table 2.
TABLE 2 | Representation of the Ti6Al4V Johnson–Cook material parameters as per Equation 1 (Zhang et al., 2015; Zhou et al., 2012).
[image: Table 2]2.2.2 Surface roughness
A novel surface roughness model is proposed that considers the laser shock peening process parameters to determine the optimum Ra for dental applications. The arithmetic mean of the absolute value of the measured actual contour offset within a sampling length is known as the contour arithmetic mean deviation, and it is chosen as the surface roughness evaluation parameter. Its computation formula is given as follows:
[image: image]
where [image: image] is the sampling length and [image: image] is the distance from the contour surface node coordinates to the contour centerline, which can be obtained from the distance formula from a point to a straight line:
[image: image]
The contour centerline slope, denoted by [image: image], and the intercept between it and the Y axis, denoted by [image: image], can be fitted linearly. Surface roughness (Ra) is given by the expression shown in Equation 4, as discretized from the definition of definite integral, where [image: image] is the number of sampling nodes:
[image: image]
The surface roughness code was updated to develop a novel model, and the material orientation ([image: image]) parameter is used to rotate the surface profile to account for material orientation (Equation 5):
[image: image]
The period (T) and amplitude (A) parameters are used to introduce a repetitive pattern to the surface profile, and the passes parameter is used to simulate laser passes:
[image: image]
The laser power (w) parameter is used to simulate the effect of laser passes on the surface roughness. The pulse duration (ts) and the time between passes (tb) parameters are used to simulate the laser pulse duration and number of passes ([image: image]), respectively:
[image: image]
The final roughness value can be expressed as follows:
[image: image]
Equations 2–8 were coded using MATLAB 2023 with displacement coordinates as inputs to determine the surface roughness.
2.3 Experimental setup
To investigate the effect of surface roughness on titanium samples, the laser shock peening experiment was carried out. The adopted experimental methodology was successfully used in the previous studies (Guo et al., 2018; Luo et al., 2021; Warzanskyj et al., 2023; Zhou et al., 2012). The specimens with dimensions of 1.4 × 1.4 × 0.2 cm were cut from a titanium plate. One side of the specimens was peened with the ablative tape using the Nd: Glass process. For every shot, a peak laser power density, a 0.2-cm spot diameter, and a pulse width were used, as described in Table 1 .The output data for every shot were stored on a PC that was connected to the oscilloscope for later recollection. This was done to guarantee that the laser’s settings would not change during the three shots. A consistent water flow was maintained in each shot to maintain the same thickness of the water film. To maintain a consistent water film thickness for every shot, the water flow was kept constant. Mainly, diffraction techniques are used to detect residual stresses. To measure the compressive residual stress, X-ray diffraction (XRD) was performed. The cosα and sin2ψ methods, which may be utilized with synchrotron and neutron diffraction methods and laboratory diffractometers, are among the four primary diffraction methods commonly employed for measuring residual stresses (Schubnell et al., 2023).
3 RESULTS AND DISCUSSION
3.1 Computational model calibration
Experimental data were used to calibrate the computational model (Lan et al., 2020; Zhou et al., 2012). Figures 5, 6 show that the compressive residual stress was −592.18 MPa for the experimental sample and −578.45 MPa for the computational model when laser power was applied and repeated three times. The difference between the experimental and computational results as a consequence was 2.32%, as shown in Table 3. An acceptable value of less than 10% indicates that the computational and experimental results align closely.
[image: Figure 5]FIGURE 5 | (A, B) Computational results of von Mises and residual stress and (C) deformed laser spot diameter.
[image: Figure 6]FIGURE 6 | Compressive residual stress of Ti64 tested at 4.2 GW/cm2, and this test comprises both experimental and computational results.
TABLE 3 | Verification of comparison between experimental and computational results.
[image: Table 3]The titanium sample that has been treated with LSP is depicted in Figure 5C. Although there is no discernible bending deformation in the sample, the distortion caused by the single spot shock is clearly visible. Figure 5 shows that when the samples are computed and experimented with laser shock, they display a similar imprint. The computational results of Zhou et al. (2012) reveal that the compressive residual stress of Ti6Al4V was 578 MPa. Furthermore, Nie et al. (2021) conducted an experimental study using 4.24 GW/cm2 laser power and reported that the compressive residual stress was 410 MPa. Ran et al. (2022) utilized a lap rate of 30% to treat titanium alloy and achieved a residual stress of up to 552.4 MPa without ablation. The results of the current study are favorably compared with a recently published review of various LSP processes in titanium materials (Jia et al., 2024). Experimental trials, which are costly and time-consuming, are typically used to investigate the impact of LSP factors on surface roughness. The impact of LSP parameters on residual stress and surface displacement in metallic components has recently been investigated using the FEA approach (Lan et al., 2020; Ran et al., 2018; Singh and Deoghare, 2023; Zhang et al., 2023).
3.2 Residual stress analysis
Based on the numerical model, parametric research was used to anticipate the influences of material orientation, number of shocks, and pulse energy on surface residual stress and von-Mises (Table 1). Using the finite element model (FEM), Li et al. (2015) computed the impact of LSP on the mechanical characteristics of titanium alloy blades. In the present investigation, JC served as the material model, and Figure 7 displays the results of the compressive residual stress.
[image: Figure 7]FIGURE 7 | Surface residual stress: (A–C) without angle and material orientation, (D–F) with a load applied at 60 degrees and without material orientation, and (G–I) load applied at 60 degrees and material orientation assigned at 60 degrees.
The compressive residual stress of the examined samples, without an angle or material orientation, was determined to be −578.450 MPa after three repetitions, and it increased to −1.620 MPa after four repetitions. Conversely, the CRS for the five repetitions was measured to be −1.536 MPa (Figures 7A, D, G). Furthermore, the weight applied to the model was at a 60-degree angle, and the material orientation was not assigned (Figures 7B, E, H). The study found that a compressive residual stress of −31.050 MPa was detected after three repetitions and −760.959 MPa after four repetitions. The study also considers a material orientation of 60 degrees and a force applied at 60 degrees (Figures 7C, F, I). During the fourth repetition, the values increased from −330.85 MPa to −761.020 MPa. Moreover, −1.536 MPa was noted for five repetitions. Zhang et al. (2023) used ABAQUS/Explicit to conduct experimental and numerical research. The modeling results indicated that the compressive residual stress decreased, while the depth increased with radial inward movement. When compared to experimental data, the modeling results showed a good agreement in the residual stress distribution along the impact spot and the depth direction. When comparing the modeling results to the experimental data, there was a good agreement in the depth direction and the residual stress distribution along the impact spot.
3.3 Surface roughness analysis
The vertical displacement values were retrieved from the computational output, and the surface roughness was computed using MATLAB, as described in Equation 4. Surface roughness (Ra) parameters were obtained using the provided code, which was developed using Equations 2–8. With three repetitions, no material orientation, no loading angle, and a laser power of 4.2 GW/cm2, Figure 8 displays the contour plot of the surface’s vertical displacements (U2).
[image: Figure 8]FIGURE 8 | Vertical displacement U2 caused by single-laser shock peening.
Figures 9A–C depict the models’ vertical displacement. Based on material orientation, angle loading, and repetition, these data show that the applied laser power changes. An earlier investigation discovered that as the pulse energy increases, the surface indentation becomes more noticeable and vertical displacements increase (Ran et al., 2018). According to Shen et al. (2022), there is an alternative perspective that suggests LSP surface treatment serves as a filter, allowing LSP to identify high-viability cells while excluding unhealthy cells, which could potentially yield more advantages.
[image: Figure 9]FIGURE 9 | Vertical displacement profile: (A) without angle and material orientation, (B) with a load applied at 60 degrees and without material orientation, and (C) load applied at 60 degrees and material orientation assigned at 60 degrees.
A bar graph (Figure 10) was then used to compare the acquired surface plot results. When considering three repetitions, the model without an angle and material orientation recorded a surface roughness value of 2.9491 µm; when a loading angle of 60 degrees was included, the surface roughness increased to 2.9487 µm. Additionally, when the loading angle and material orientation were applied, the surface roughness was reported to be 2.9211 µm. When material orientation and loading were applied, the model yielded a lower Ra value of 2.7064 µm after increasing the repetition to four times. These findings reveal that Ra values can be increased through four repetitions with changes in loading angle and material orientation. After evaluating five repetitions, the current investigation established that the Ra value was 2.9717 for models without angle load and material orientation. Furthermore, it decreased to 2.7082 when 60-degree loading angle was applied without considering material orientation. Under the conditions of a 60-degree loading angle and corresponding material orientation, Ra values were again found to be 2.9717 µm. The results compared favorably with previously published experimental findings (Luo et al., 2021; YIN et al., 2019). Significant variations were observed between the smooth (Ra 0.23 ± 0.02 µm) and rough (Ra 1.98 ± 0.12 µm) surfaces, as determined by the roughness analysis conducted via interferometry. The in vitro study was conducted to investigate the impact of surface treatment on bone cell proliferation and differentiation. The results showed that the untreated surface had a Ra value of 0.3 ± 01 μm, while the treated surface had a maximum Ra value of 1.4 ± 0.04 µm (Stoilov et al., 2022). Since it is predicted that surfaces with Ra values of 3–5 μm will be more favorable for osteoblast responses than smooth surfaces with Ra values <1 μm, the majority of studies (Flack, Schultz, and Volino, 2020; Lebea L. et al., 2023; Zarei et al., 2020) now focus more on lower roughness values of <5 μm. Understanding the circumstances of Ti-64, ELI can be accomplished in part by using surface roughness characterization, a crucial analytical technique (Hazzan and Pacella, 2022). The in vitro investigations conducted by Zhao et al. (2006) revealed a complex surface topography consisting of 1–3 μm submicron pits superimposed atop 30 μm diameter hemispherical micro-craters (Zhao et al., 2006). The hybrid structure was shown to produce the most developed osteoblast phenotype. Consistent with the in vivo experiment results, studies conducted by Tamayo et al. (2021) and Wang et al. (2023) similarly revealed no deleterious effects of the rough SLM Ti implants on bone repair.
[image: Figure 10]FIGURE 10 | Development of surface roughness.
4 CONCLUSION
In this paper, the computational model of laser shock peening is examined with five parameters, namely, single-shot angle, single-shot repetition, duration, material orientation, and laser power. For the first time, such studies are carried out to evaluate the surface roughness model for dental implant applications. After applying laser power and performing three repetitions, the compressive residual stress measured was −592.18 MPa for the experimental sample and −578.45 MPa for the computational model, resulting in a discrepancy of 2.32% between the computational and experimental results. The compressive residual stress of the examined samples, without considering angle or material orientation, was determined to be −578.450 MPa after three repetitions, and it decreased to −1.620 MPa after four repetitions. These findings demonstrate that Ra values can be increased through four repetitions while adjusting the material orientation and loading angle. After evaluating five repetitions, the current investigation determined the ideal Ra values to be 2.9717, 2.7082, and 2.9717 µm.
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