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Abstract

:

The deformation behaviors of Ti-6Al-4V alloy samples with lamellar and bimodal microstructures under scratch testing were studied experimentally and using molecular dynamics simulation. It was found that the scratch depth in the sample with a bimodal microstructure was twice as shallow as that measured in the sample with a lamellar microstructure. This effect is attributed to the higher hardness of the sample with a bimodal microstructure and the larger amount of elastic recovery of scratch grooves in this sample. On the basis of the results of molecular dynamics simulation, a mechanism was proposed, which associates the recovery of the scratch grooves with the inhomogeneous vanadium distribution in the β-areas. The calculations showed that at a vanadium content typical for Ti-6Al-4V alloy, both the body-centered cubic (BCC) and hexagonal close-packed (HCP) structures can be more energetically favorable depending on the atomic volume. Therefore, compressive or tensile stresses induced by the indenter could facilitate β → α and α → β phase transformations, respectively, in the vanadium-depleted domains of the β-areas, which contribute to the recovery of the Ti-6Al-4V alloy subjected to scratching.
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1. Introduction


Due to the remarkable combination of high specific strength, strong resistance to creep, excellent corrosion resistance and low heat conductivity, titanium and its alloys have been extensively used in a wide range of applications in aerospace, biomedical, chemical, marine, automotive and many other industries [1]. In most applications, high-strength α + β two-phase titanium alloys composed of HCP-α phase and BCC-β phase are generally utilized, among which Ti-6Al-4V is the most widely used and commercially available alloy. However, the poor wear resistance of titanium alloys, including Ti-6Al-4V, is still the main shortcoming that restricts their application, particularly in areas involving friction and wear [2,3].



Classical theories of wear suppose that the wear resistance of materials under abrasive [4] and adhesive [5] wear conditions is primarily defined by their hardness, and harder materials are usually more wear-resistant. However, as early as in the middle of the last century an improvement of the wear resistance of materials was also attributed to an increase in their ultimate elastic strain, i.e., to an increase in the contribution of the elastic strain to the total strain [6]. Therefore, it is currently commonly believed that the combination of high hardness H with low Young’s modulus E, i.e., high H/E ratio, provides a better wear resistance to materials [7,8].



Since the mechanical properties of materials are highly dependent on their microstructure, the obvious way to obtain a material with a high H/E ratio is the optimization of its microstructure by varying processing parameters. In the case of Ti-6Al-4V alloy, a large variety of microstructures, including lamellar, martensite and equiaxed globular microstructures, as well as bimodal (duplex) microstructures composed of equiaxed α grains and transformed β areas, can be obtained depending on the thermomechanical processing routes [9,10]. While the effect of the microstructure of Ti-6Al-4V alloy on its mechanical properties, including hardness and Young’s modulus, has been extensively studied, there is a lack of information about the effect of the Ti-6Al-4V microstructure on its elastic recovery, which should be pronounced at high H/E ratios. At the same time, recent studies have indicated that elastic recovery substantially affects the ploughing of metals, which is the main mechanism of abrasive wear [11,12].



Scratch testing is a promising technique for gaining insight into the mechanisms underlying plastic ploughing and the elastic recovery of metals. This technique makes it possible to study the deformation of multiphase materials, taking into account local features of their microstructure, i.e., to investigate the deformation of grains with different crystallographic orientations [13,14], to demonstrate the effects of internal interfaces [15,16], individual phases and inclusions [14,17] on deformation behavior, as well as to reveal the development of deformation phase transformations in the materials [18,19]. In addition to the experimental studies, molecular dynamics (MD) simulation is widely used for the investigation of nucleation and the development of plastic deformation in materials subjected to scratch testing. In particular, defect-free single crystals with face-centered cubic (FCC ) [20,21,22] and BCC [23,24] crystal lattices were the focus of MD simulation of scratching. Alhafez et al. [25] used MD simulation to study the defect generation and plasticity in HCP crystals, with the basal and prismatic planes as the surfaces subjected to scratching by a hard tip. The authors’ MD simulation showed that in the course of the scratching of Ti crystals, there is extensive defect-generation in the surface layers of the materials that is followed by the formation of disordered nanodomains [16,26]. The improvement of computer performance has promoted MD simulations of scratch testing of nanosized polycrystals [27,28], amorphous materials [29] and layered materials [30].



Despite a large amount of experimental and MD studies dealing with scratching different materials, there are only a few works considering the effect of the elastic recovery of a scratch groove on the mechanical and tribological properties of materials and mechanisms responsible for their enhanced recovery. Fan et al. [31] showed that the elastic recovery of fused silica under scratching has a significant effect on its hardness and friction coefficient. It has been supposed that reversible phase transformations could be responsible for the substantial recovery of scratch grooves in ultrasonically treated commercially pure titanium and Ti-6Al-4V [32]. More recently, it has been found that the development of direct and reverse α″ → α → α″ martensitic transformations in the uppermost surface layer of Ti-6Al-4V samples subjected to low-energy, high-current pulsed electron beam treatment resulted in the enhancement of the elastic recovery of scratch grooves [33]. However, the effect of the microstructure of Ti-6Al-4V alloy on its ploughing behavior and elastic recovery has not been properly addressed. The objective of this work is to study, experimentally and using MD simulations, the mechanisms underlying the elastic recovery of scratch grooves in Ti-6Al-4V alloys with lamellar and bimodal microstructures.




2. Experimental Details


Two polycrystalline samples of Ti-6Al-4V alloy subjected to different processing routes were studied: a sample subjected to vacuum annealing for 2 h at a temperature of 980 °C (sample 1) and a sample obtained by hot compression at 950 °C with subsequent annealing at 900 °C for 1 h (sample 2). The rectangular samples 10 × 10 mm2 in size and 2 mm in height were cut from Ti-6Al-4V alloy billets. The samples were mechanically ground and subsequently electropolished to obtain smooth surfaces. The microstructure characterization of the samples was performed with an Axiovert 40 Mat optical microscope (Carl Zeiss, Göttingen, Germany). The phase compositions and structures of the coatings were investigated using X-ray diffraction (XRD) with a Shimadzu XRD-7000 X-ray diffractometer (Shimadzu Corporation, Kyoto, Japan). The investigations were performed using CuKα radiation (λ = 1.5406 Å) in the Bragg–Brentano geometry. The measurements of the mechanical properties of the samples as well as their scratch testing were carried out using a NanoTest system (Micro Materials Ltd., Wrexham, UK). The nanoindentation measurements were performed in a load-controlled mode with a Berkovich diamond tip at a maximum load of 50 mN. The hardness H, the Young’s modulus E and elastic recovery R were determined using the Oliver–Pharr method.



The scratch tests were performed using a conical diamond with a tip radius of 25 µm. The scratching was carried out with a constant velocity of 10 µm/s. Scratching tracks 600 μm long were applied to all samples. In the experiment, an initial surface profile of the tested samples was detected by pre-scanning with a very low load of 0.1 μN (no wear occurs at this load). During scratching, the surface profile could be sensed and recorded by the depth sensing system. After scratching, the surface profile of the samples was scanned again to record the deformation recovery. In the second step (scratching), the normal load applied to the indenter was sharply increased to maximum loads of 50, 100 and 200 mN, and maintained at a constant level thereafter. Five scratches were performed for each sample. After scratching, the surface topography of the samples in the vicinity of the scratch tracks was scanned using a Solver HV atomic force microscope (AFM, NT-MDT Co., Moscow, Russia) operating in a contact mode. A V-shaped silicon nitride cantilever (type SNL-10, Bruker Co., Berlin, Germany) was used with a nominal spring constant of 0.35 N/m and a tip radius of 12 nm. A series of 10 cross-sectional profiles of the scratch tracks were made and averaged to determine the residual scratch depth for each titanium sample.




3. Model Description


The model crystallite of HCP-Ti (α-phase) with the inclusion of BCC-Ti (β-phase) had the shape of a parallelepiped, with dimensions of 50 × 26 × 12 nm along the X, Y and Z directions, respectively. The inclusion of BCC-Ti was modeled as an interlayer between two grains (grain 1 and grain 2) of HCP-Ti, as shown in Figure 1. The dimensions along the X axis were 20 nm for the grains and 10 nm for the inclusion. Taking into account the experimental data, the crystallographic orientations of the HCP grains along the X, Y and Z axes were chosen as    [   1 ¯  6  5 ¯  0  ]   ,    [  5  2 ¯   3 ¯   7 ¯   ]    and    [   3 ¯  12  2 ¯   ]    (grain 1) and    [   1 ¯   2 ¯  32  ]   ,    [  3  4 ¯  1  3 ¯   ]    and    [  3  1 ¯   2 ¯  2  ]    (grain 2), correspondingly. In the case of the inclusion of BCC-Ti, the [100], [010] and [001] directions were oriented along the X, Y and Z axes, respectively. Two different Ti crystallites were studied to reveal the effect of vanadium, which is a stabilizer of the β-phase in Ti-6Al-4V alloy, on the mechanical behavior of the sample during scratching. In the first case, the inclusion of BCC-Ti contained 13 at. % of vanadium, which corresponds to a content of 4 wt. % in the model sample, which is typical for Ti-6Al-4V alloy. In the second case, a Ti crystallite with a vanadium-free inclusion was investigated. Thus, in both cases a Ti crystallite was modeled with incoherent boundaries between the grains and inclusion, for which the equilibrium configuration was obtained by the relaxation of the sample for 10 ns before scratching.



The scratching was realized through the movement of a spherical indenter with a radius R of 6.5 nm. The indenter was moved along the X axis at a fixed depth of 3.5 nm and with a constant scratching speed of 15 m/s. Thus, atoms whose distance was less than the equilibrium radius R were acted upon by a force directed from the force center, equal to   F = − k    (  R − r  )   2   , where k is the coefficient reflecting tip stiffness and r is the distance between the centers of the indenter and the atom. The coefficient k was chosen to be equal to 10 eV/Å3, similar to the earlier works [16,25,26]. The vertical immersion of the indenter into the crystallite was not considered. The lateral “incursion” of a previously immersed indenter on the initially defect-free crystallite was modeled, as shown in Figure 1. A 1.5 nm thick bottom layer (shown grey in Figure 1) simulated a fixed substrate, while other surfaces of the sample were considered free. The total number of atoms in the simulated crystallite exceeded one million. The interaction between Ti atoms was described by a potential [34] constructed using the embedded atom method. According to [34], this potential is suitable for the simulation of phase transitions and BCC-Ti. A potential obtained within the frame of the modified embedded atom method was used to describe the interaction between titanium and vanadium atoms [35]. The model sample was considered as an NVT ensemble that maintains the number of atoms N, the occupied volume V and the temperature of the system T. The initial temperature (100 K) of the simulation was achieved by using the velocity rescaling method during the MD simulation process from the balance between kinetic and thermal energies. The low temperature was used to avoid large thermal fluctuations, in order to provide a clear visualization of the structural defects. All MD calculations were implemented using the LAMMPS (large-scale atomic/molecular massively parallel simulator) molecular dynamics code [36]. To analyze the structure, the Dislocation Extraction Algorithm (DXA) and Common Neighbor Analysis (CNA) algorithms, implemented in the open visualization tool OVITO, were used [37]. The dislocation structure that evolved in HCP-Ti was analyzed only. The potential energy per atom in BCC and HCP Ti crystallites was calculated within the frame of the modified embedded atom method, using the following expression:


  E =  1 N    ∑  i   {   F i   (    ρ ¯  i   )  +  1 2    ∑   i ≠ j    ϕ  i j    (   r  i j    )   }   



(1)




where Fi is the embedding function that represents the energy required to place atom i into the electron cloud,     ρ ¯  i    is the electron charge density at the location of atom i,  ϕ ij is a pair-wise potential function, and rij is the distance between atoms i and j.




4. Experimental Results


The typical microstructures observed in the Ti-6Al-4V samples studied are shown in Figure 2. It is seen that sample 1 exhibits a fully lamellar morphology consisting of colonies of α-phase lamellae within large-body primary β-phase grains (Figure 2a). Sample 2 is characterized by a bimodal microstructure, which contains globular alpha grains and alpha/beta colonies (Figure 2b).



The XRD patterns of the samples primarily contain α-Ti peaks, which is typical for Ti-6Al-4V (Figure 3). The XRD pattern of sample 1 shows no preferred orientation of the α-phase (Figure 3, curve 1), while sample 2 demonstrates a pronounced crystallographic texture along the [002] direction (Figure 3, curve 2). In addition, the presence of small peaks of β-Ti phase is revealed in the XRD patterns, which indicates that there is a small amount of the β-phase retained in the final microstructure. It can be seen from Table 1 that the volume fraction of the β-phase in sample 2 is nearly 1.7 times lower than in sample 1. The lattice constants of the β-phase in samples 1 and 2 are 0.323 and 0.319 nm, respectively, which is less than the equilibrium value (0.332 nm). Since it is known that an increase in vanadium content results in decreasing the lattice constant of the β-phase in Ti-6Al-4V alloy [38], it can be inferred that the sample with a bimodal structure is characterized by higher vanadium content in the β-areas.



The mechanical characteristics of the Ti-6Al-4V samples determined by instrumented indentation are listed in Table 1. It can be seen that sample 1 is characterized by a lower hardness than sample 2. In contrast, the Ti-6Al-4V sample with a bimodal microstructure has a lower Young’s modulus. As a result, the H/E ratio and elastic recovery Er are higher in sample 2 than in sample 1.



Scratch testing of the Ti-6Al-4V samples showed that they were subjected to ductile ploughing, which is a typical deformation mechanism for the scratching of metals. A combination of normal and tangential loads applied to the indenter resulted in the plastic edging of the material from the scratch grooves to their flanks, which led to the formation of pile-ups along the scratches (see Figure 4). It was found that deeper grooves form during scratching in sample 1, while the scratch grooves in sample 2 are rather shallow. The difference in the residual groove depths grows with increasing the applied load. As can be seen from the AFM images obtained in the vicinity of the scratch grooves and the corresponding surface profiles shown in Figure 4, the residual scratch depth at a load of 200 mN is close to 500 nm in sample 1, whereas it is less than half of this value in sample 2. The cross-sectional areas of the scratch grooves are 3.47 and 1.23 µm2, respectively. Moreover, a comparison of the longitudinal surface profiles scanned before, during and after scratching shown in Figure 5 indicates that sample 2 is characterized not only by the smaller penetration depth of the indenter during scratching, but also by the higher recovery of the scratch groove. Indeed, while the groove in sample 1 is recovered after scratching, from ~800 to ~400 nm, i.e., by 50%, the groove recovery in sample 2 increases up to ~65% (from ~600 to ~200 nm). A large amount of elastic recovery of the material in sample 2 results in the formation of rather wide but shallow scratch grooves (see Figure 4d). As a result, the ratio of the cross-sectional area of the pile-ups at the groove flanks (1.02 and 0.68 µm2 in samples 1 and 2, respectively) to the cross-sectional area of the grooves increases from 0.29 (sample 1) to 0.55 (sample 2).



The above described experiments revealed substantial difference in the elastic recovery of scratch grooves and imprints made by nanoindentation in the samples studied. The elastic recovery of the scratch grooves in the Ti-6Al-4V samples with lamellar and bimodal microstructures (50% and 65% respectively) is considerably higher than the recovery after nanoindentation (9% and 11%, correspondingly). Moreover, the difference between the Er values for the samples reaches 15% in the case of scratching and drops to 2% for nanoindentation. These differences indicate that additional mechanisms of reversible deformation are activated upon the scratching of the Ti-6Al-4V alloy, which promotes material recovery under unloading. In particular, reversible deformation phase transformations can underlie this effect. Therefore, a molecular dynamics simulation of the evolution of the atomic structure in α-Ti crystallites with β-Ti inclusions during scratching was performed in order to gain a deeper insight into the development of reversible phase transformations in Ti-6Al-4V alloy.




5. Simulation Results


Figure 6 exhibits the evolution of the atomic structure in a Ti crystallite with a β-phase inclusion containing 13 at. % vanadium during scratching. Only BCC atoms are shown in Figure 6 in order to clearly visualize the observed changes in the atomic structure. Figure 6a,b correspond to the indenter positions in the middle of grain 1 and the BCC inclusion, respectively. A decrease in the inclusion volume, resulting from the rearrangement of a significant part of the BCC atoms into the HCP lattice of α-Ti, is clearly seen from the comparison of Figure 6a,b. After the indenter moved into grain 2, the BCC structure of the inclusion was largely recovered, as shown in Figure 6c.



Figure 7 demonstrates the evolution of the volume fraction of BCC atoms in the β-Ti inclusions during scratching of the Ti crystallites. It is seen that in the case of the inclusion, where the BCC structure is stabilized by vanadium, the α → β phase transformation leads to decreasing the fraction of BCC atoms down to ~0.7 (Figure 7, curve 1). The drop in the fraction of BCC atoms starts long before the indenter reaches the interphase boundary between grain 1 and the β-Ti inclusion. The minimum of the dependence corresponds to the point when the indenter is in the middle of the inclusion. A nearly full recovery of the fraction of BCC atoms is observed after scratching.



The detailed studies of the evolution of atomic structure in the β-Ti inclusion containing 13 at. % of vanadium revealed that the development of phase transformations in the inclusion is concerned with its concentration inhomogeneity, i.e., non-uniform distribution of V atoms in the BCC lattice of titanium. Figure 8a exhibits the initial atomic structure of the analyzed fragment of the β-Ti inclusion (denoted as “A”), illustrating the configuration of the Ti and V atoms and the schematic showing the location of this fragment in the simulated crystallite. The dashed ovals in Figure 8a indicate the vanadium-enriched local regions (domains) of the fragment. Figure 8b–d demonstrate the evolution of the atomic structure of the fragment during scratching. CNA analysis was used to visualize atoms belonging to different local configurations of the crystal lattice. It is seen from the comparison of Figure 8a,b that the atomic rearrangement from the BCC lattice into the HCP lattice begins in the vanadium-depleted domains. In contrast, the vanadium-enriched domains largely maintain their BCC structure even when the indenter is in the middle part of the inclusion, which is accompanied by large lattice distortions (Figure 8c). The latter results in the formation of regions with a disordered atomic structure, the crystal lattice of which cannot be identified using CNA. Evidently, the atomic disorder depends on the arising of dislocations generated in the contact area of the indenter with the sample. When the indenter passes through the inclusion, the majority of the HCP atoms rearrange again into the BCC lattice, whereas the regions with a disordered lattice structure keep their structure (Figure 8d).



Figure 9 shows the variation in the fractions of atoms with different local configurations of a crystal lattice in fragment “A” during scratching. It is seen that the decrease in the fraction of BCC atoms visible in Figure 7 is concerned with their rearrangement into the HCP configuration. The moving of the indenter into the β-Ti inclusion is accompanied by increasing the fraction of atoms the configuration of which is not identified because of strong lattice distortions and local atomic disordering. It should be noted that the increase in the fraction of the atoms with an unidentified lattice structure primarily occurs at the expense of decreasing the fraction of HCP atoms. After passing the indenter through the middle of the inclusion (at a scratch length of 25 nm), the restoration of the fraction of BCC atoms, and the corresponding reduction in the fractions of HCP atoms and atoms with unidentified lattice structures, are observed. Finally, when the indenter moves into grain 2, the fraction of HCP atoms in the studied fragment of the inclusion decreases by more than 90%, while the fraction of atoms with unidentified lattice structures decreases by only 20%. Thus, the restoration of the initial BCC structure primarily occurs by means of the reverse phase transformation of the HCP lattice formed under the influence of the indenter.



The key role of the domain structure of the β-Ti inclusions in the development of reverse α → β phase transformations is clearly revealed in the simulation of scratching of a Ti crystallite with a vanadium-free BCC inclusion. As shown in Figure 10, in this case, a greater fraction of BCC atoms rearranges into the HCP lattice as compared with the inclusion containing vanadium (see Figure 6). As a result, after passing the indenter through the vanadium-free β-Ti inclusion, the initial BCC structure maintains only in its bottom layers adjacent to the substrate with the rigidly fixed BCC lattice. It is also seen from Figure 7 (curve 2) that the minimum fraction of BCC atoms in the vanadium-free β-Ti inclusion drops to 0.4, and only slightly increases (up to 0.45) after passing the indenter.




6. Discussion


The results of scratch testing indicate that the Ti-6Al-4V sample with a bimodal microstructure is characterized by a substantially smaller residual scratch depth than the sample with a lamellar microstructure. This is in good agreement with the previous studies [10,38], which concluded that among the various morphologies, the bimodal microstructure possesses the best combination of strength and ductility. The origin of these improved mechanical properties is usually attributed to the fact that dislocation gliding inside the α-grains was blocked at the interfaces between them and the transformed β-areas, i.e., the β-areas with a finer morphology acted as a strengthening component for the mechanical properties of the bimodal microstructure [39]. On the other hand, recent studies argued that plastic strain can localize preferentially within the transformed β-areas, and then propagate into the surrounding α-grains [40]. Strain gradients from the interface to the interior of α-grains were supposed to increase the number of geometrically necessary dislocations near the interface, which contribute to the enhanced work-hardening rate of the bimodal microstructure. Evidently, both the mechanisms can contribute to the higher hardness of the Ti-6Al-4V sample with a bimodal microstructure, which results in the smaller penetration depth of the indenter during scratching. The mechanisms should become more pronounced with increasing the load applied to the indenter during scratching, because this results in the enlargement of the zone of local plastic strains and involves a greater number of interfaces between the α-grains and the β-areas in the deformation process. Therefore, the difference in the residual scratch groove depths in the samples with lamellar and bimodal microstructures grows with increasing the applied load.



Another origin of the smaller residual scratch depth in the sample with a bimodal microstructure is its higher recovery after scratching. This effect can be partially explained by increasing the contribution of elastic deformation to the total deformation of the material that is confirmed by the nanoindentation results, which demonstrate that the Ti-6Al-4V sample with a bimodal microstructure is characterized by higher values of H/E and Er than the sample with a lamellar microstructure. However, the values of the recovery of the samples under scratching (15%) are substantially different from those under nanoindentation (2%). This indicates that, in contrast to the recovery of indenter imprints in the case of nanoindentation, the recovery of scratch grooves is caused not only by the elastic deformation of the Ti-6Al-4V samples, but also by the development of additional mechanisms of reversible deformation.



One of the mechanisms contributing to the formation and recovery of the scratch grooves is the reversible phase transformations developing during scratching. In particular, the enhanced elastic recovery of scratch grooves in Ti-6Al-4V samples subjected to electron beam treatment has been attributed to transformations of the more close-packed orthorhombic α″-Ti phase into the HCP α-Ti phase, and vice versa [33]. The analysis of the total energy per atom, performed using MD calculations for Ti crystallites with BCC and HCP lattices, showed that the possibility of β ↔ α phase transformations substantially depends on the V content. Figure 11 shows the total energy per atom as a function of atomic volume in BCC and HCP Ti crystallites containing 5, 13 and 19 at. % of vanadium. It is seen from the Figure that at a low vanadium content (5 at. %), the HCP structure is more energetically favorable, while at the high content (19 at. %) the preferable configuration is BCC. At the same time, at the medium vanadium content (13 at. %), which is typical for the β-phase in Ti-6Al-4V alloy, the BCC and HCP strictures are characterized by close values of the total energy. Therefore, in the latter case both the BCC and HCP structures can be more favorable, depending on the applied external load.



It has been shown that the indenter movement results in arising compressive stresses before and underneath it, as well as tensile stresses behind it [41]. Since the BCC β-phase of titanium is characterized by a lower packing density (0.68) than the HCP α-phase (0.74), it can be supposed that the compressive stresses arising ahead of and under the indenter facilitate the transformation of the β-phase into the more close-packed α-phase that results in deeper penetration of the indenter into the sample. It is clearly seen from Figure 11b that, although the minimum energy of the Ti crystallite with 13 at. % vanadium content in the β-phase, which lies in the range typical for Ti-6Al-4V alloy [42], corresponds to the BCC lattice, the HCP structure becomes more favorable with decreasing atomic volume.



The MD simulations showed that this β → α phase transformation is possible only in the vanadium-depleted domains of the β-Ti inclusion, because vanadium is a β-phase stabilizer. Evidently, this effect should be more pronounced in the Ti-6Al-4V sample with lamellar microstructure, which is characterized by lower V content in the β-phase, and it is an additional factor that provides deeper scratch grooves in this sample (Figure 5a).



Phase transformations also contribute to the recovery of scratch grooves after scratching, which is substantially more pronounced in the sample with a bimodal microstructure. As can be seen from Figure 11b, with an increasing atomic volume, the BCC lattice structure becomes more favorable again in the Ti crystallite with a 13 at. % vanadium content. Therefore, when the indenter moves away, the relaxation of the compressive stresses and the arising of tensile stresses behind it favor the development of the reverse α → β phase transformations in the vanadium-depleted domains of the β-Ti inclusion. This transformation behind the moving indenter allows a reduction in the energy of such domains, which are characterized by strong lattice distortions and, consequently, by high deformation energy. Moreover, the α → β phase transformations in the HCP domains, surrounded by areas where the BCC lattice is stabilized by vanadium atoms, is accompanied by the annihilation of interphase boundaries that also favors a reduction in the total energy of the Ti crystallites. Apparently, the dimensions of the vanadium-depleted domains should decrease with increasing V content in the β-Ti inclusions. The decrease in the domain size leads to the growth of the volume fraction of the boundaries between the HCP and BCC domains, and consequently, their annihilation contributes more to reducing the total energy of the β-Ti inclusions. Therefore, the recovery of scratch grooves is noticeably more pronounced in the Ti-6Al-4V sample with a bimodal microstructure, which is characterized by the higher vanadium content in the β-phase.




7. Conclusions


The investigation of Ti-6Al-4V alloys with lamellar and bimodal morphologies subjected to scratch testing revealed the strong dependence of scratch groove parameters (maximum and residual scratch depths, elastic recovery, volume of pile-up generated on the scratch flanks, etc.) on the microstructure. The bimodal microstructure was found to provide a scratch depth twice as shallow as that measured in the sample with a lamellar microstructure. This effect is assumed to be caused by the following: (i) the higher hardness of the Ti-6Al-4V sample with a bimodal microstructure resulting from the smaller grain size, and an enhanced work-hardening rate induced by the accumulation of dislocations at the interfaces between α-grains and β-areas; (ii) the greater degree of elastic recovery of scratch grooves in this sample due to the higher H/E ratio and the development of reversible β → α → β phase transformations in the β-areas.



According to the performed MD simulations, an important condition for the reversibility of the β → α → β phase transformations is the presence of vanadium in the BCC crystal lattice of titanium. The calculations showed that with a medium vanadium content in the β phase (13 at. %), both the BCC and HCP structures can be more energetically favorable, depending on the atomic volume. Therefore, compressive or tensile stresses induced by the indenter can facilitate direct β → α or reverse α → β phase transformations, respectively. In contrast, at low (5 at. %) and high (19 at. %) vanadium contents, the HCP and BCC structures, correspondingly, are more preferable regardless of the atomic volume. As a result, the lamellar microstructure, which is characterized by the larger volume fraction of the β-phase and, consequently, the lower V content in the β-areas, does not favor reverse α → β phase transformations, which results in the lower recovery of the scratch grooves. The results obtained indicate the need to consider the effect of the microstructure of α + β titanium alloys on the ploughing mechanisms under abrasive wear, and can be useful for elaborating the methods to increase their abrasion resistance.
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Figure 1. Molecular dynamic model of the scratch test for a HCP-Ti crystallite with inclusion of BCC-Ti. 
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Figure 2. Lamellar (a) and bimodal (b) microstructures of Ti-6Al-4V alloy samples. 
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Figure 3. X-ray diffraction patterns of Ti-6Al-4V alloys with lamellar (1) and bimodal (2) microstructures. 
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Figure 4. AFM images (a,c) and corresponding cross-sectional surface profiles (b,d) of scratch grooves formed at the applied load of 200 mN in Ti-6Al-4V alloy samples with lamellar (a,b) and bimodal (c,d) microstructures. 
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Figure 5. Surface profiles in Ti-6Al-4V samples 1 (a) and 2 (b) before, during and after scratching with an applied load of 200 mN. 
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Figure 6. Snapshots displaying the structure of the model Ti crystallite with inclusion of β-Ti phase containing 13 at. % of vanadium after 10 (a) 25 (b) and 40 nm (c) of scratching. BCC atoms are shown as blue dots. Colored curves denote the dislocation core. Dislocations with the Burgers vectors b1 = 1⁄3   〈 1  1 ¯  00 〉   and b2 = 1⁄3   〈 1  2 ¯  10 〉   are shown in orange and green, respectively. Other dislocation lines are shown in red. Only the dislocations generated in HCP-Ti are shown. The large red dot marks the position of the indenter’s center. 
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Figure 7. Volume fraction of BCC atoms in the β-Ti inclusion with 13 at. % of vanadium (curve 1) and the vanadium-free β-Ti inclusion (curve 2) as a function of the scratch length. Dashed lines indicate the boundaries of the inclusions. 
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Figure 8. Location and atomic structure of fragment “A” in the β-Ti inclusion containing 13 at. % of vanadium (a). The dashed ovals indicate vanadium-enriched domains. Evolution of the atomic structure of the fragment at scratch lengths of 2 (b), 25 (c) and 35 nm (d). According to CNA [37], the HCP atoms are shown red, BCC atoms are shown in blue, and atoms belonging to unidentified lattice structures are shown in grey. For clarity, HCP atoms are shown as larger spheres. 
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Figure 9. Fractions of atoms with different configurations of crystal lattice in fragment “A” of the β-Ti inclusion as a function of the scratch length. Vertical dashed lines 1, 2 and 3 mark positions of the indenter corresponding to the atomic structures shown in Figure 8b–d, respectively. 
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Figure 10. Snapshots displaying the resulting structure of the model Ti crystallite with the vanadium-free β-Ti inclusion after 10 (a) and 37 nm (b) of scratching. BCC atoms are shown as blue dots. Colored curves denote the dislocations cores. Dislocations with the Burgers vectors b1 = 1⁄3   〈 1  1 ¯  00 〉   and b2 = 1⁄3   〈 1  2 ¯  10 〉   are shown in orange and green, respectively. Other dislocation lines are shown in red. Only the dislocations generated in HCP-Ti are shown. The large red dot marks the position of the indenter. 
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Figure 11. Energy per atom in the β-Ti inclusions with 5 (a), 13 (b) and 19 at. % of vanadium (c) as a function of atomic volume. 
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Table 1. Volume fraction of β-phase and mechanical properties of Ti-6Al-4V alloy samples.
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	Sample
	Volume Fraction of β-phase, %
	H, GPa
	E, GPa
	H/E
	Er, %





	1
	7.9
	3.85 ± 0.42
	154 ± 17
	0.025
	9



	2
	4.7
	4.51 ± 0.44
	146 ± 14
	0.031
	11











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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