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Abstract

:

Titanium alloys are prone to increased oxidation rates when exposed to higher temperatures during application. As a result, the components suffer mechanical failure due to the formation of the alpha-case layer at 500 °C. To improve its corrosion and oxidation properties, and ultimately its mechanical performance, it is necessary to modify its surface properties. In this study, a LENS 3D-printing system was used to fabricate titanium alloy sample coupons, while surface treatment was performed using laser shock processing (LSP) to improve the surface properties. The characterisation of the samples was performed to establish a basis for the corrosion behaviour of the 3D-printed material and the effect of LSP treatment on the rate of corrosion. The samples fabricated at the moderate laser energy density of 249 J/mm3 showed the best-performing properties as the microstructures that evolved showed elevated hardness profiles, which were associated with material property improvements such as high strength and corrosion resistance. After subjecting the samples to LSP treatment, the properties of the LENS samples showed a further improvement in corrosion resistance.
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1. Introduction


The Laser Engineered Net Shaping system (LENS) is a laser-based additive manufacturing (AM) system that 3D prints products by means of the directed energy deposition (DED) technique. Compared to traditional techniques, LENS offers numerous benefits such as cost reduction, design flexibility, capability to repair components, and the least post-processing as a “near-net-shape” practice [1,2]. This technology can be used for an extensive variety of materials including aluminium, steels, nickel-based alloys, copper, and titanium (Ti). The most-popular materials used for the aerospace industry are various types of Ti alloys with different compositions [2,3], with the most-commonly used one being the Ti-6Al-4V alloy, which is critical for aircraft structures and jet engine rotating applications. The specific reason for this is that they can increase productivity while decreasing noise levels [4]. The material has exceptional properties such as high specific strength and low density at an elevated temperature, as well as exceptional corrosion resistance properties, which make it most desirable for applications where aluminium alloys, high-strength steels, and nickel-based super-alloys are found to be lacking [5,6,7].



The environment in which aerospace components are exposed to during operation are often extreme and varied, and as a result, corrosion resistance has been a critical measure for the use of the Ti-6Al-4V alloy. Unfortunately, despite its well-documented beneficial properties, the corrosion behaviour of AM-processed materials such as the Ti-6Al-4V alloy has received little attention.



Various microstructures such as acicular martensite, fine grains, and extra grain boundaries occur as a result of the high cooling rates experienced during the AM processing of Ti alloys, resulting in different corrosion behaviours [8]. However, it is unclear the type or extent of differences that can be achieved as a result of AM process characteristics and how this influences the evolved microstructure and corrosion behaviour.



The use of Ti alloys is restricted to colder regions due to the high oxidative dynamics above 550 °C [9]. The Ti-6Al-4V alloy, in particular, is limited to temperature ranges below 400 °C as the alloy oxidises at 500 °C due to the formation of an oxide scale on the surface of the Ti [10]. This results in the formation of a hard and brittle oxygen-rich layer known as the “alpha-case” (α-case) [11]. When engine components are subjected to dynamic loads, the α-case layer has a negative impact on essential mechanical properties such as ductility, fracture toughness, and especially, the material’s fatigue life [12].



Surface treatments are considered as an effective means to improve the corrosion and oxidation resistance of AM-processed Ti alloys, such that its uses and development can be expanded. Amongst the newly advanced surface alteration techniques is laser shock peening (LSP), which makes use of a laser beam targeted on a surface to induce beneficial compressive residual stresses within the material. This type of stress is known to alter the surface microstructure and enhance the mechanical performance of the material [13]. However, there is limited literature on the use of LSP to improve the corrosion and oxidation resistance of AM-produced Ti alloy parts.



Compared to the traditional surface modification technologies, the process applies a pulsed laser with a high-power density (in the GW/cm2 range) and ultra-short pulse duration (in nanoseconds) onto the surface of a metallic target material to induce a high-temperature and high-pressure plasma through rapid vaporising of an ablative layer or transparent overlay [14]. The formed plasma instantly creates a shock wave transferring into the target material and intensively interacts with the surrounding materials [15].



There are two different configurations in which the LSP process can be performed. The first configuration involves the use of a sacrificial material as a protective overlay. A material that is opaque to laser light (such as black paint) is typically used to first coat the target material, and thereafter, a transparent material (typically water or glass) is used to cover the component and serve as a confinement medium. This allows for the preservation of the component’s surface integrity and protects against the thermal effects of the confined plasma, thus resulting in a mechanical process. This configuration uses large focal spots (1 mm3) with no overlapping or very low overlapping [16,17]. The second configuration is more commonly referred to as laser shock peening without a protective coating (LSPwC) and may be applied directly onto the target material without any protective coating. It makes use of small focal spots and very large overlapping rates. In this case, LSP is a thermo-mechanical process [18,19].



The localised plastic deformation resulting from the process activates residual stresses into the surface region of the material. The surface residual stresses activated are compressive and can potentially result in an improvement of the material properties. The induced compressive residual stresses hinder crack growth under both static and cyclic loading, increasing the material hardness, fatigue life, and resistance to stress corrosion cracking (SCC) [20].



Many researchers have shown that the fine microstructure with a high grain boundary density serves as a passive film formation site and leads to better corrosion behaviour. Zhang et al. [21] studied the effect of ultrasonic shot peening on the microstructure evolution and corrosion resistance of the selective laser-melted Ti-6Al-4V alloy. From their studies, the microhardness was significantly increased, while the corrosion resistance was also improved due to the presence of fine acicular α’ martensite and long columnar prior β grains.



Furthermore, shot peening has garnered interest for biomedical applications, whereby investigations such as that of Agrawal et al. [22] used ultrasonic shot peening (USSP) for the processing of metallic biomaterials to improve the cell viability and corrosion resistance of the material. The observations from this study were that the cell viability and corrosion resistance of commercially pure (CP) Ti could be enhanced through treatment of the material surface by USSP. The treatment had a beneficial effect on cell propagation as it resulted in surface nano-crystallisation and increased the positive potential at the treated area. The nano-structures provided bonding sites for cells, while the positive potential served as “preferential adhesion points” for proteins. In addition, it was found that the corrosion resistance of CP-Ti was significantly improved due to the formation of oxide protective film, as the formation of nano-grains provided nucleation sites for the protective film. In another study by Crespo et al. [23], LSPwC was used to treat the surface of Ti-6Al-4V. This generated a rougher surface that promoted the “colonization and activities of bone-lineage cells”. Furthermore, it was reported that precise functions of the cultured human osteoblasts were enhanced due to the LSPwC treatment. Upon the analysis of the treated surface, it was observed that there had been a substantial increase in the presence of Ti-oxides and OH− ions generated, which formed an oxide layer, which contributed towards the improved corrosion resistance of the material. The corrosion potential promotes the proliferation of such films.



However, few studies have been performed to investigate the consequence of LSP treatment on the Ti-6Al-4V alloy fabricated through AM processes. In a previous study by Sun et al. [14], LSP was introduced as a post-treatment technique to refine the microstructure, reduce the tensile residual stress, and enhance the tensile properties of the wire-arc additively manufactured 2319 aluminium alloy. After laser peening, the residual stresses were changed from tensile to compressive with a maximum value of 100 MPa and a micro-hardness increase through the generation of mechanical twins and the density of dislocations. Guo et al. [15] investigated the influence of LSP on the oxidation resistance of the LAM Ti-6Al-4V alloy. Their study considered the oxidation of samples at a temperature range of 400–800 °C for 1–50 h in air. The observation made was that the LSP-treated AM Ti alloy showed an increased oxidation resistance, in contrast to that without LSP treatment, as a result of the formation of an aluminium-rich layer that prevented oxygen diffusion, confirming that LSP provides improved oxidation protection.



A study performed by Kanjer et al. [24], investigating the influence of LSP on the high-temperature oxidation resistance of cp-Ti in comparison to untreated Ti in dry air for 300 h at 700 °C, showed a reduction in the mass gain by a factor of 4. From their study, the depth of the induced compressive stresses was 1.4 mm. The hardness increased with a case depth of 400 μm, while the corrosion resistance was tremendously increased as compared to the un-peened samples.



In this paper, the effect of the LSP parameters on the oxidation behaviour of the LENS-built Ti-6Al-4V alloy tested in the temperature range of 25–800 °C was studied. The microstructural evolution and microhardness of the samples before and after LSP treatment were analysed and are discussed in detail. In this study, the peak pressure for laser shock processing was not measured. However, a study by Berthe et al. [25] presented an experimental measurement of the beam profile, along with an analytical model of the peak pressure as a function of the power density. According to their study, a power density of about 4.5 GW/cm2 corresponds to a peak pressure of about 2.8 to 3 GPa. The same approach was adopted for this present study.



Furthermore, the LSPwC configuration was used for this study. Originally, LSPwC was proposed for the elimination of the protective layer as it was found to be difficult to use on complex geometries. The disadvantage of this configuration is high surface roughness and oxidation, which contributes to the initiation of cracks in the material. The mechanical properties are negatively affected, since the crack resistance of treated parts is affected, compromising the fatigue performance of parts. Several studies (Mawaad et al. [26], Karthik and Swaroop [27], Sathyajith, Kalainathan, and Swaroop [28], Sano et al. [29]) have been performed to mitigate these challenges. It has been demonstrated that, using low laser energy, like that used in this study, can reduce or avoid thermal damage due to processing, and the surface roughness effects will be lowered. Moreover, it is well known that the compressive residual stresses in LSP plays an important role, and the literature has shown that LSPwC is able to produce a much deeper and more stable compressive stress layer.




2. Materials and Methods


Sample coupons of dimensions 12 × 12 × 5 mm were 3D printed on the LENS 3D printing machine, which has a 1 kW IPG fibre laser source. The LENS machine possesses a closed processing chamber, which can be filled with argon to retain the oxygen and moisture levels below 10 parts per million (ppm) to decrease oxidation during the processing of reactive materials. Specimens were built using numerous process parameters, as shown in Table 1, to determine the energy density necessary to treat the Ti-6Al-4V alloy. Laser energy density plays a key role in the development of the microstructure. Laser energy density can be determined by the following equation [30,31]:


  E =  P  v h t    



(1)




where P is the laser power (W), v is the scanning speed (mm/s), h is the hatch spacing (mm), and t is the layer thickness (mm).



The material used in laser processing was the extra-low interstitial (ELI) gas atomised Grade 23 Ti alloy powder supplied by TLS Technik GmbH & Co., Bitterfeld-Wolfen, Germany. The required particle size range necessary for use in the machine was 40–100 μm, which was characterised based on its particle size distribution (PSD), morphology, and chemical composition. The powder was heated in an oven at 120 °C for 30 min prior to use in order to remove moisture that may have settled on the particle surface and to ensure improved material flowability.



The LSP processing of the specimens was performed using the Spectra-Physics Quanta-Ray Pro 270 Nd: YAG pulsed laser operating at a wavelength of 1064 nm. The confinement medium that was used during the experimentation was flowing water, and no protective overlay coating was used. The parameters selected for LSP were as follows: The beam profile was a Gaussian profile, and the beam diameter was 0.5 mm and delivered a power density of 4.46 GW/cm2 for a pulse duration of 8 ns. An overlap of 90, 95, and 99% was used in the x and y directions and is shown in Figure 1. A zig-zag pattern was not used; rather, the laser was returned to the starting position once a track was completed, then the respective overlap was applied and a new track placed.



The produced specimens were sectioned and mounted using a non-conductive resin before undergoing metallographic preparation. The mounted samples were manually ground using silicon carbide grinding papers of different grit sizes (80, 320, and 1200 grit size) before polishing was performed. The ground samples were then polished to a mirror finish to enable better viewing of the microstructure. The polished specimens were etched with Kroll’s reagent for 10 s to reveal the microstructures.



The microstructural evaluation of the specimens was carried out using an Olympus BX51M microscope together with the Stream Essentials software. Additional microstructures at higher magnifications and the identification of elements present in the samples were examined by a scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometry (EDX), respectively.



Surface roughness measurements were performed using a MahrSurf PS1 touch probe surface profilometer. A total of five measurements were made on each sample, with the average values reported.



A Matsuzawa Vickers micro-hardness tester was used to evaluate the micro-hardness of the specimens. A load of 300 g and dwell time of 10 s were applied, while employing a spacing of 150 μm between the indentations. The measurements were investigated to determine the depth of the laser shock peening on the samples



The potentiostat technique was used for determining the polarisation curves of the specimens. The corrosion test in 3.65% NaCl solution was carried out to express the degree of corrosion attack, which was confirmed by SEM analysis. The test was carried out at a room temperature of 25 °C. The electrochemical tests were performed using a three-electrode system. The laser-fabricated and the as-received Ti-6Al-4V samples were used as the working electrode; a graphite electrode was used as the counter electrode, and a 3-molar concentration of silver-chloride (3M AgCl) solution was used as the reference electrode using a linear polarisation method. The experiment was performed using the Autolab PGSTAT30 potentiostat equipped with the NOVA software. The polarisation curves were recorded at a start potential of 1.5 to −1.5 V and at a scan rate of 0.01 mV/s. The corrosion rate was evaluated using the Tafel extrapolation method using the NOVA software. Using the NOVA software, the potentiodynamic polarisation curves were plotted and both the corrosion rate and potential were estimated by Tafel plots by using both anodic and cathodic branches.



The oxidation behaviour of the as-built laser-fabricated samples before and after LSP treatment was studied by Perkin Elmer thermal analysis. The experiment was carried out at a temperature range of 25 °C to 750 °C in dry air at a rate of 10 °C/min.




3. Results


3.1. Microstructural Characterisation


This section reports the microstructural characterisation of the 3D-printed alloys, using microscopy techniques and microhardness measurements, to confirm a suitable set of parameters to treat the Ti-6Al-4V alloy. It is necessary to determine a baseline of the material performance before laser shock processing treatment; that way, it is easier to establish the effect of the treatment on the material performance thereafter. Preliminary investigations by Arthur and Pityana [32] and Arthur [33] recommended an energy density input that falls within the range of 200 to 300 J/mm3 for the DED fabrication of Ti-6Al-4V with reduced porosity and increased build densification. This study dovetails from the previous works to investigate the selected energy inputs in terms of the evolved microstructures and the behaviour of the material in harsh environments.



Figure 2 and Figure 3 indicate the optical micrographs and SEM images, respectively, of the LENS-fabricated Ti alloy produced at varying energy densities, i.e., 207, 249, 277, and 332 J/mm3. As is commonly found in the literature, such as the works produced by Arthur et al. [33], Shunmugavel, Polishetty, and Littlefair [6] and Vrancken et al. [34], the Ti-6Al-4V samples produced were characterised by a two-phase α–β martensitic microstructure. From a visual inspection of the micrographs (Figure 2), the formation of columnar prior beta grains was observed, which appeared to be more pronounced as the energy density was increased. The occurrence of these columnar prior beta grains is reported to be a result of epitaxial growth due to the 3D-printing process [6]. Furthermore, a fine acicular α’ martensitic microstructure was observed within these columnar grains as it becomes more pronounced. This is typically referred to as the Widmanstätten or basket-weave microstructure [33]. Figure 3 shows SEM micrographs that clearly show the structure and arrangement of the acicular martensite. The occurrence of the less-pronounced or shorter columnar grains (Figure 2a) was attributed to low energy input, which prevents a layer from being fully melted or re-melting the layer directly beneath it [35]. Furthermore, the grains are prevented from spreading out uniformly from one layer to another due to poor melting, which causes the reduced flowability of the material, thus resulting in an inhomogeneous microstructure with less than ideal and inconsistent mechanical properties [36].



The observation of the basket-weave (or Widmanstätten) microstructure is more evident in Figure 3, which indicates the SEM images of the fabricated Ti alloy. According to Arthur et al. [33] and Gasper [37], this microstructure forms due to an increase in the cooling rate of the α-β alloy and is linked to a decrease in grain size. This led to the resolution that the fabricated alloy would likely show elevated strength, since according to the Hall–Petch relation [38], a decrease in grain size is associated with an increase in strength of the material.



Table 2 shows the hardness data for the Ti alloys presented in Figure 2 and Figure 3. The indents were taken along the longitudinal build direction from the top of the sample to the bottom, where the 3D-printed sample was fused with the build plate. The wide range of indentation values shows the extent of inhomogeneity observed, due to the nature of the laser printing process, as it experiences localised energy input during the layer-by-layer build-up process [39,40]. The samples produced at an energy density of 207 and 249 J/mm3 did not show a statistical significance as they showed hardness values of 379 ± 15 and 375 ± 17 HV0.3, respectively. An increase in energy density from 249 to 277 J/mm3 was associated with a reduction in the hardness value from 375 ± 17 HV0.3 to 353 ± 11 HV0.3, which showed some statistical significance. However, upon a further increase in energy density to 332 J/mm3, the alloy showed an increase in value to 368 ± 12 HV0.3.



The difference in microhardness values reported for the alloys produced at the energy densities of 207, 249, and 332 J/mm3 is negligible, since they did not show any statistical significance. Furthermore, the alloys produced at 277 and 332 J/mm3 experienced challenges during fabrication, as the high heat inputs resulted in occasional nozzle blockage, which prevented consistent material deposition. This could potentially result in the evolution of defects, particularly during extended processing times, which could result in mechanical property inconsistencies. It was, thus, recommended that the parameter set that resulted in an energy density of 249 J/mm3 be selected as the preferred set of parameters to treat the Ti-6Al-4V alloy.




3.2. Electrochemical Behaviour


The electrochemical response of the Ti alloy was tested prior to LSP treatment. Since the starting microstructures of DED-produced parts differ from those of other manufacturing techniques, it is anticipated that there would be a difference in the properties exhibited by the same alloy when parts are produced using different techniques [41]. Therefore, wrought material was acquired to examine any difference in the electrochemical response of the Ti alloy, based on the manufacturing technique.



It is worth noting that the corrosion parameters of interest were the corrosion potential (Ecorr, V), which is identified as the potential at which no net current in or out of the electrode is observed, while the corrosion current density (icorr, A/cm2) is said to be the amount of current that flows over a cross-sectional area of a material. The corrosion rate (mm/yr) indicates the amount of material that corrodes over a specified time period, and the polarisation resistance measures the rate at which the material will experience corrosion. These parameters are used to describe the corrosion behaviour of the material.



Table 3 and Table 4 show the Tafel data from the electrochemical experiments and polarisation curves, respectively, for the wrought and LENS 3D-printed Ti-6Al-4V alloys. The samples were tested in a 3.65 % NaCl solution to simulate a typical corrosive environment that the material could be exposed to during service. In terms of the corrosion parameters, it was observed from Table 3 that the wrought material showed the lowest corrosion potential of −1.3587 V at a current density of 0.003224 A/cm2, while the sample produced at 249 J/mm3 showed the highest corrosion potential of −0.74068 V at a current density of 0.000842 A/cm2. Similarly, the 249 J/mm3 alloy showed the best corrosion rate (0.32466 mm/yr) and polarisation resistance (193.27 Ω). Although the alloy produced at 332 J/mm3 showed the next best corrosion rate of 0.3291 mm/yr, it was the alloy produced at 207 J/mm3 that showed the next best polarisation resistance, at a value of 168.78 Ω.



Figure 4 shows the polarisation curves from the experiments of the alloys produced at the different energy densities, which illustrates the material behaviour or performance, based on the change in potential. The five materials tested showed similar trends, whereby, initially, a high current density was observed, but at lower corrosion potential values. The current density rapidly began to decrease once the potential was increased, until a steady state was achieved. In this state, there was no further significant increase in potential observed, even as the current density continued to decrease, thus creating a curve that could be described as the shape of the letter “J”.



It is at this point in the polarisation curve that a passive layer is reported to form [42,43], which offers additional material protection against corrosion [44]. The passive layer continued to grow in thickness (2 to 10 nm thick) and triggered an increase in potential once again, except this time, the increase in potential was associated with an increase in current density. This stage in the process gives vital information, such as the rate at which corrosion takes place in the material and how effective the material is at resisting the action of corrosion. It was reported in the literature by Sun et al. [14], Zhang et al. [21], and Hu et al. [45] that the presence of a fine microstructure contributes substantially to the corrosion resistance of the material. Therefore, it can be postulated that the improvement in the polarisation resistance of the alloys reported in Table 3 could be attributed to a refined microstructure that evolved in the alloys. Wrought Ti-6Al-4V alloys are reported to possess coarser microstructures than AM-produced alloys [6], and thus, it was anticipated that the wrought material would show the lowest polarisation resistance.



The two alloys produced in the energy density range of 200 to 250 J/mm3 (considered low-energy input) showed the highest polarisation resistances of 193.27 Ω (249 J/mm3) and 168.78 Ω (207 J/mm3), which were attributed to a higher cooling rate experienced compared to that of the two alloys produced in the energy density range of 251 to 350 J/mm3 (332 J/mm3 showed 137.32 Ω, while 277 J/mm3 showed 117.06 Ω) and, thus, evolved a finer microstructure. The energy density range of 251 to 350 J/mm3 was considered the high-energy input, for the purposes of this study, and showed lower cooling rates (associated with coarser microstructures).



The results from the electrochemical response investigations compared well with the reported results of microstructural characterisation, which identified the energy density of 249 J/mm3 as the preferred choice for the treatment of the Ti-6Al-4V alloy. Therefore, the subsequent results presented focused on the processing and treatment of the samples produced at an energy density of 249 J/mm3.




3.3. Oxidation Behaviour


Figure 5 shows the thermogravimetric analysis (TGA) curves of the LENS-fabricated samples produced at an energy density of 249 and 277 J/mm3, which showed the best and worst polarisation resistance (and corrosion rates), respectively. The samples were heated from room temperature to 800 °C at a rate of 10 °C/min in dry air. The specimens showed a similar behaviour, as observed from the two plots, whereby they were observed to be relatively stable from room temperature (approximately 85.5 mg) to about 350 to 400 °C, whereby weight gain was observed from approximately 400 to 450 °C. The literature by Güleryüz and Cimenoglu [46] reported the thickness of the oxide layer to show a substantial increase at temperatures above 200 °C as this is known to be the temperature range of the oxygen diffusion zone.



The alloys were observed to obey the parabolic law between the temperature range from approximately 450 to 550 °C, as a slight drop in weight was shown. This is consistent with the literature by Khanna [47], which stated that the rate of the oxidation reaction of engineering alloys is inversely proportional to the weight of the layer of oxide formed. This implies that the rate of scale formation decreases due to an increase in oxidation resistance. Thereafter, a sharp increase in weight gain was observed as the temperature was increased to 800 °C. It is important to note that the alloy fabricated at the energy density of 249 J/mm3 showed a superior polarisation resistance and corrosion rate in comparison to that at 277 J/mm3, thus showing lower oxide layer weight gain and, ultimately, a better oxidation response (or corrosion behaviour) for the same temperature range.



According to Czarnecki [48], the instability in the thermogravimetric graphs is mainly due to gas-related disturbances, such as drag (flow) and buoyancy (floatation). At temperatures above 750 °C, there is a transition from a parabolic to a linear law, indicating that the oxide layer is spalling off, thus increasing the oxidation rate.




3.4. Laser Shock Processing


Due to its satisfactory performance in terms of the results reported from the microstructural characterisation and electrochemical and oxidation behaviour, the parameter set that resulted in an energy density of 249 J/mm3 (refer to Table 1) was selected as the optimised parameter set for the investigations. Thus, the subsequent results presented from the laser shock processing investigations were performed on the sample that was fabricated at the optimised parameter set alone, having an energy density of 249 J/mm3.



Figure 6 displays the optical microstructures of the LENS-built specimens (produced at the optimised parameters) in the as-built state without peening (Image (a)) and after laser shock peening treatment at 90% (Image (b)), 95% (Image (c)) and 99% (Image (c)) overlap, respectively.



Tensile stresses created during LENS fabrication weakened the mechanical properties, and as a result, the fabricated samples were subjected to post-processing techniques to relieve the residual stresses [49]. Since laser peening is a surface-acting technique that penetrates about 1 mm into the material, the process induces beneficial compressive stresses. Its effect is more readily observed towards the surface of the treated material. Figure 6 presents the Ti-6Al-4V alloys fabricated at an energy density of 249 J/mm3, before and after LSP treatment. Image (a) represents the un-peened sample, while Images (b–d) represent the 90%, 95%, and 99% peening overlaps, respectively. The region marked by the red arrows indicates the anticipated penetration depth of the LSP treatment. From a visual inspection, there was no observable change in microstructure, so it cannot be concluded that LSP treatment has a significant impact on the appearance of the microstructure. Similarly, no noticeable difference was observed through the SEM analysis. This would, therefore, find greater relevance when subsequent investigations such as corrosion and oxidation studies are presented, as it would highlight the changes in material performance due to LSP treatment.



However, the samples revealed a typical microstructure observed for DED laser-printed samples that show microstructural inhomogeneity, which is commonly referred to as fish-scaling. The fish-scaling forms when the melt pool shape changes and depicts overlapping weld beads. Similarly, this type of microstructure was reported in the studies by Arthur et al. [31] and Choo et al. [50].



3.4.1. Influence of Laser Peening on Microhardness and Surface Roughness


Microhardness and surface roughness tests were carried out to study the surface-strengthening effect induced by the LSP process. The results thereof are shown in Table 4 and Figure 7, respectively. The top surface of the 3D-printed specimens is the region where the LSP treatment was applied. It was observed that the material hardness increased due to laser shock processing treatment; however, although there was a slight variation in hardness due to an increase in laser peening overlap, this did not show a significant overall increase. It must, however, be noted that the slight variation in material hardness could potentially result in an improvement in corrosion resistance, as previously reported.



The observed increase in the hardness profile after LSP treatment confirmed the success of the process to show that compressive residual stresses were induced in the specimens’ surfaces. This is seen by the difference in the average hardness values reported for the different specimens in Table 4, whereby the LSP-treated specimens showed hardness values in the range of 384 to 389 HV, whereas the untreated specimen shoed a hardness value of 375 HV. However, no statistical significance could be established, which suggested that there was no significant change in phase transformation due to the LSP treatment.



The hardness at the top region of the peened samples was observed to be higher than that of the core and lower regions of the samples, thus confirming the top region to exhibit more compressive stresses, while the core and lower regions of the specimens showed more tensile stresses. This compares well with the literature by Arthur et al. [51], which reported lower hardness values for the greater tensile stress regions of samples, which were analysed for stress magnitudes by using neutron diffraction, while higher hardness was reported for the greater compressive stress regions of the DED-fabricated Ti-6Al-4V samples. Since LSP generates shock waves, the hardness is expected to decrease with depth within the sample for treated sections as compared to untreated sections. This observation was consistent between the different specimens tested and compares well with the literature by Guo et al. [15] and Luo et al. [52], which reported similar observations in the hardness profile due to the influence of laser shock processing.



In addition, an investigation by Karthik et al. [27] corroborated the present observations as it reported a similar observation for AISI 321 steel that had been processed using the LSPwC configuration, whereby the treated section of the material showed hardness values in the range of approximately 150 to 175 HV from the top layer and down to a depth of roughly 400 μm. A further increase in depth from 400 μm to about 800 μm showed a steady decrease in the hardness profile from about 150 HV to roughly 130 HV. From a depth of about 900 to 1400 μm, which was the remaining depth of the sample, the hardness values showed a negligible change (approximately 127 HV). This was also the region reported to be untreated, as it fell outside of the “depth of the hardened layers” and showed no significant change in hardness value. This suggests that the reported change in hardness with the depth of the treated samples may not be material-dependent, as was reported by Kanjer et al. [24], whereby the investigators found no gradient in the hardness profiles from the surface to the core of the material for their CP-Ti samples.
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Table 4. Microhardness values of laser-peened samples, (HV0.3).






Table 4. Microhardness values of laser-peened samples, (HV0.3).





	

	
before LSP

	
after LSP




	

	
249 J/mm3

	
90%

	
95%

	
99%






	
Maximum

	
399

	
438

	
427

	
425




	
Minimum

	
303

	
356

	
359

	
352




	
Average

	
375

	
384

	
386

	
389




	
STD dev

	
17

	
16

	
12

	
16









Furthermore, it was observed that an increase in LSP overlap was associated with an increase in surface roughness (as indicated in Figure 7), which affects the material properties, as it could serve as nucleation sites for cracks or corrosion attack. An initial decrease in roughness of about 10% was observed between the un-peened (3.85 Ra) and 90%-overlap (3.45 Ra) samples, as seen in Figure 7. This was favourable as it suggested an improvement in the surface properties of the material. Upon a further increase in overlap from 90% to 95% (4.62 Ra), there was an increase in roughness of approximately 30%, but a further increase from 95% to 99% (6.54 Ra) showed a significant influence on the surface roughness, as the roughness increased by more than 40% to 6.54 Ra.



The results showed that the surface properties were impacted due to LSP treatment. When an LSP overlap of 90% and 95% was used to treat the Ti-6Al-4V alloy, this resulted in an increase in the roughness of up to 20%, in relation to the untreated specimen. The use of overlap in excess of 95% showed a substantial increase in surface roughness (up to 70%) in relation to the untreated specimen. Based on this observation, it is advisable that the overlap percentage be kept between the range of 90 and 95% to mitigate any potential negative impact on properties that could be associated with such a substantial increase in the surface properties.



A mechanical property, such as fatigue life, is known to be sensitive to the surface properties of the tested specimen; thus, an observed decrease in the surface properties would be more favourable to the fatigue life of the material.




3.4.2. Influence of Laser Peening on Electrochemical Response


The corrosion behaviour of laser-peened specimens was tested and compared to that of the as-built specimen to investigate if there would be a noticeable difference. Evidence of pitting corrosion was observed before and after LSP treatment; however, it was observed that the LSP-treated specimens showed fewer pits and, in some cases, smaller-sized pits than in the case of the untreated specimen. Figure 8 shows the optical micrographs of the typical sample surfaces observed for the corrosion-tested alloys. Image (b) presents the sample before LSP treatment, with the presence of pitting corrosion evident, while Image (a) presents the LSP-treated sample with no evidence of pitting corrosion. The reduced presence of pits was attributed to the property improvements induced in the material surface due to the introduction of compressive residual stresses, therefore demonstrating an improvement in corrosion resistance.



The polarisation curves were analysed to determine the corrosion parameters and confirm the extent of change brought about due to the LSP treatment. Table 5 shows the Tafel data for the corrosion parameters of the peened and un-peened specimens, while the polarisation curves are shown in Figure 9. The observation made was that there was a significant improvement in the corrosion response after laser peening. The sample treated at a 95% overlap showed the best performance of the alloys, with the best corrosion rate and polarisation resistance of 0.003 mm/yr and 119,730 Ω, respectively. The alloy treated at 90% overlap showed the second-best performance, with a corrosion rate and polarisation resistance of 0.004 mm/yr and 40,932 Ω, respectively. The alloy treated at an overlap of 99% showed the lowest polarisation resistance of 12,220 Ω, but showed a greater corrosion rate in comparison to the un-peened sample, which showed the lowest corrosion rate of 0.063 mm/yr. It is likely that the high surface roughness previously reported for the 99% overlap could have influenced the polarisation resistance and affected the corrosion rate by creating possible sites for corrosion attack. It was, therefore, postulated that the overlap percentage be limited to the range of 90% to 95% to ensure optimum corrosion performance and to minimise the possibility of the inconsistency of the corrosion parameters, such as the corrosion rate and polarisation resistance.




3.4.3. Influence of Laser Peening on Oxidation Behaviour


The following section presents results for samples produced at an energy density of 249 and 277 J/mm3, which showed the best and worst polarisation resistance (and corrosion rates), respectively. Similar to the results presented in Figure 5, found in Section 3.3 (Oxidation Behaviour), the alloys were compared to investigate the influence of laser peening and to see if there would be a marked improvement in oxidation performance. Furthermore, the results were limited to that of the LSP overlaps that showed good performance for both the corrosion rate and polarisation resistance, namely the 90% and 95% alloys.



Figure 10 presents the TGA results of the alloys produced at an energy density of 249 and 277 J/mm3 after LSP treatment at 90% and 95% overlap each. The alloys produced at 277 J/mm3 and treated with 90% and 95% overlap showed slight stability from room temperature (approximately 85.5 mg) to about 300 °C. Thereafter, a decrease in weight was observed until a temperature of about 450 °C, whereby it then picked up as the temperature was increased to 800 °C, with a weight of approximately 89 mg. No significant difference was observed in the oxidation behaviour of this alloy due to the influence of the LSSP treatment; however, the 249 J/mm3 alloy showed a more significant difference in oxidation behaviour as a result of the applied LSP treatment.



The 249 J/mm3 alloy with 95% overlap showed greater stability than its 90% counterpart, up to a temperature of roughly 500 °C from room temperature (starting weights of approximately 86.5 mg), which was also the best stability of the alloys tested. A gradual increase in weight gain was observed as the temperature was increased from 500 °C to 800 °C, with a final weight of roughly 89.5 mg. The alloy treated at 90% overlap showed a slightly higher weight gain of roughly 90 mg as the final temperature of 800°C was reached. The 249 J/mm3 alloy with 95% overlap had better oxidation resistance as compared to the other samples with minimal weight gain. The sample also showed better corrosion resistance. This confirmed that LSP treatment can effectively enhance the oxidation resistance of AM-produced components.






4. Conclusions


In this study, Ti-6Al-4V alloy samples were successfully fabricated using the LENS DED technique. LSP treatment was applied as a post-processing surface treatment to enhance the material properties. The following conclusions were drawn based on the results from this study:




	
The energy input, measured as the energy density, had a positive effect on the microstructural evolution as it reduced the formation of defects, which resulted in improved mechanical properties.



	
The energy density of 249 J/mm3 used to fabricate the Ti-6Al-4V samples was seen to be sufficient to treat the alloy and evolve microstructures that showed beneficial properties.



	
The typical microstructure observed for the Ti-6Al-4V alloy was reported to be the fine acicular α’ martensitic microstructure, which was reported to promote improved corrosion resistance.



	
Optimum corrosion and oxidation behaviour was observed with the alloy produced at the optimised parameters that gave an energy density of 249 J/mm3. Therefore, it is recommended for the energy density to be kept at moderate levels to treat the Ti-6Al-4V alloy and ensure improved corrosion and oxidation response.



	
The use of LSP as a surface treatment technique was demonstrated to yield improvements in the mechanical properties, such as the surface hardness profile, through the introduction of compressive residual stresses. It is postulated that, through this, the fatigue properties could potentially be improved as well.



	
The application of the LSP technique at varying overlaps demonstrated the strong capability of the technique for the improvement of the corrosion performance of the Ti-6Al-4V alloy, as well as the mitigation of pitting corrosion.



	
The use of LSP overlaps should be maintained at a moderate level not exceeding 95%, to minimise the effects on the surface properties, but still optimising the material properties, such as the corrosion rate and polarisation resistance, and to promote an improved oxidation rate and stability during operation at elevated temperatures up to 500 °C.
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Figure 1. Schematic of the LSP overlap path. 
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Figure 2. Optical micrographs of as-built LENS Ti-6Al-4V samples at energy densities of (a) 207, (b) 249, (c) 277, (d) and 332 J/mm3. 
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Figure 3. SEM micrographs of as-built LENS Ti-6Al-4V samples at energy densities of (a) 207, (b) 249, (c) 277, and (d) 332 J/mm3. 
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Figure 4. Polarisation curves of the wrought and LENS-built Ti-6Al-4V samples. 
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Figure 5. TGA curves of the LENS samples fabricated at 249 and 277 J/mm3. 
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Figure 6. Optical micrographs of samples fabricated at 249 J/mm3 with various peening treatments: (a) un-peened, (b) 90%, (c) 95% and (d) 99% peening overlap. 
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Figure 7. Surface roughness of laser-shock-peened samples. 
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Figure 8. LENS-fabricated Ti-6Al-4V samples: (a) LSP-treated, (b) untreated. 
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Figure 9. Polarisation curves depicting corrosion response of peened and un-peened specimens. 
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Figure 10. TGA curves of samples produced at 249 and 277 J/mm3 after LSP treatment at 90% and 95% overlap. 
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Table 1. Parameters used for DED sample fabrication.
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Laser Energy Density (J/mm3)

	
Power (W)

	
Scan Speed (mm/s)

	
Hatch Spacing (mm)

	
Layer Thickness (mm)






	
207

	
300

	
12.7

	
0.3375

	
0.3375




	
249

	
300

	
10.58




	
277

	
400

	
12.7




	
332

	
400

	
10.58
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Table 2. Microhardness values of LENS-built Ti-6Al-4V samples.
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Microhardness (HV0.3)






	
Energy Density (J/mm3)

	
207

	
249

	
277

	
332




	
Maximum

	
397

	
399

	
377

	
397




	
Minimum

	
320

	
303

	
330

	
330




	
Average

	
379

	
375

	
353

	
368




	
STD dev

	
15

	
17

	
11

	
12
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Table 3. Tafel data comparing wrought Ti-6Al-4V and LENS-built samples.
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	Samples (J/mm3)
	Ecorr (V)
	Icorr (A/cm²)
	Corrosion Rate (mm/yr)
	Polarisation Resistance (Ω)





	Ti-6Al-4V Wrought
	−1.3587
	0.003224
	1.2426
	102.5



	207
	−1.1523
	0.001461
	0.56302
	168.776



	249
	−0.74068
	0.000842
	0.32466
	193.27



	277
	−1.2709
	0.002414
	0.93023
	117.06



	332
	−1.3168
	0.000854
	0.3291
	137.32
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Table 5. Tafel data of as-built and laser-peened samples.
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	Treatment
	Ecorr (V)
	Icorr (A/cm2)
	Corrosion Rate (mm/yr)
	Polarisation Resistance (Ω)





	Un-peened
	−0.67224
	   4.7 ×   10   − 5     
	0.063
	29,239



	90% overlap
	−0.61981
	   5.11 ×   10   − 6     
	0.004
	40,932



	95% overlap
	−0.59463
	   3.08 ×   10   − 6     
	0.003
	119,730



	99% overlap
	−0.40481
	   4.09 ×   10   − 6     
	0.005
	12,220
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