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Abstract

:

This study documents a systematic analysis of the global Schmid factor for different deformation mechanisms in α′/α and β-grains in different forms of direct metal laser sintered (DMLS) Ti6Al4V(ELI) based on EBSD data. A novelty of this study is the use of these data to calculate the values of the Schmid factor and the subsequent determination of their distribution and frequency, which, when compared to the slip systems of crystal structures, helps in determining the favourable slip systems in play. Both retained β-grains and reconstructed prior β-grains were considered in this analysis. The reconstruction of the prior β-grains was executed using the Automatic Reconstruction of Parent Grain for EBSD data (ARPGE) program. The distribution of the global Schmid factor for these Ti6Al4V phases was calculated using the MATLAB-based MTEX toolbox program. This analysis of deformation modes in the α′/α-phase was based on a uniaxial load state acting on the x, y, and z axes, while only the load along the build direction (x-direction) was considered in the analysis of deformation mechanisms in the β-phase of the alloy. The results of this study showed that the DMLS build direction influenced the distribution of the global Schmid factor for the basal slip system of α′/α-grains in as-built specimens and those samples that were heat treated below the α→β transformation temperature.
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1. Introduction


Metal additive manufacturing (AM) technologies, such as laser powder bed fusion (LPBF) and electron beam powder bed fusion (EPBF), are revolutionising the way products and consumer goods are manufactured. Design flexibility achieved by these technologies that are used to make parts from three-dimensional (3D) computer-aided design (CAD) model data, in a layer-by-layer fashion, as opposed to subtractive manufacturing, is now persuading scientists and engineers to create novel ideas and opportunities for industries. A variety of metals and metal alloys are being used to produce parts by LPBF, which include titanium alloys, aluminium alloys, tool steel, stainless steel, maraging steel, copper alloys, nickel alloys, and cobalt alloys [1,2,3].



The mechanical properties of metals and their alloys are greatly affected by intrinsic microstructural features, primarily grain size and crystallographic texture, as well as density, character and distribution of dislocations [4]. All of these factors are influenced by manufacturing history and post processes. Understanding the evolution of crystallographic textures during manufacturing processes is important as this could result in anisotropy of mechanical properties. The crystallographic texture of titanium alloys, such as Ti6Al4V, is greatly influenced by the manufacturing process history [5]. The Ti6Al4V alloy is a dual-phase alloy consisting of α-phase, which exhibits the low symmetrical hexagonal closed-packed (hcp) structure, and β-phase, which exists as a highly symmetrical body-centred cubic (bcc) structure [6]. Each grain in the microstructure of the alloy consists of either the α or β-phases, having crystals with similar orientations relative to a reference frame.



The laser powder bed fusion of the Ti6Al4V(extra low interstitial—ELI) alloy induces a strong fibrous texture in prior β-grains with the <001> direction aligned with the build orientation [7]. This has been associated with the continuous deposition of layers that act as heat sinks, while the laser beam provides the heat source from above. Therefore, the maximum thermal gradient during LPBF is along the build direction, which elucidates the strong fibrous texture of the prior β-grains in parts produced this way [7,8,9]. Nonetheless, the fibrous texture of the β-grains has been shown to disappear after post-process heat treatment conducted above the α→β transformation temperature [7]. The elongated prior β grains of as-built LPBF Ti6Al4V are normally filled with a non-equilibrium α′-martensitic microstructure, which transforms to equilibrium α and β -phases upon post-process heat treatment. The evolution of the prior β-phase texture has been shown to impact the texture of the resulting α′/α-phase during β→α transformation at lower temperatures through the known Burgers orientation relationship (BOR) between these two phases on the (0001)α||{110}β planes and <11  2 ¯  0>α||<111>β directions [6,7,8,9]. During the transformation of β→α, twelve definite orientations of the α′/α- phase can result from a single prior β-grain due to this BOR, and this has been shown to weaken the texture of the α′/α-phase [9,10]. However, variant selection has been found to occur during β→α transformation, where some α′/α variants form more frequently than others due to factors such as the composition of the alloy, cooling rate, and the sizes of the prior β-grains [8,9,10].



Generally, the orientation of a crystal within a polycrystalline material is expressed by a specific rotation, which transforms the crystal fixed coordinate system into the sample-fixed coordinate system or vice versa. There are various ways of describing a rotation of two-coordinate systems with respect to each other, which can be used to analyse the crystals’ orientation in a material. These different methods are described in [11]. The three Eulerian angles  g (   φ 1  ,   ϕ ,  φ 2   ) are commonly used to represent the rotation between two coordinate systems. Where    φ 1    is the first angle of rotation of the crystal coordinate system about the  z -axis,  ϕ  is the second angle of rotation of the new crystal coordinate system about its new x′-axis, and    φ 2    is the third angle of rotation of the new crystal coordinate system about its new   z ′  -axis. The orientation matrix obtained by composing the three Eulerian rotation angles is of the form [11]:


  g    φ 1  ,   ϕ ,  φ 2    =       c o s  φ 1  c o s  φ 2  − s i n  φ 1  s i n  φ 2  c o s ϕ     s i n  φ 1  c o s  φ 2  + s i n  φ 2  c o s ϕ     s i n  φ 2  s i n ϕ       − c o s  φ 1  s i n  φ 2  − s i n  φ 1  c o s  φ 2  c o s ϕ     − s i n  φ 1  s i n  φ 2  + c o s  φ 1  c o s  φ 2  c o s ϕ     c o s  φ 2  s i n ϕ       s i n  φ 1  s i n ϕ     − c o s  φ 1  s i n ϕ     c o s ϕ        



(1)







Electron backscatter diffraction (EBSD) is a scanning electron microscope-based microstructural characterisation technique used to determine the orientation of crystals in a polycrystalline material [12]. The technique produces data with a high degree of accuracy that can be analysed to provide information such as crystallographic texture, as well as morphology and orientation of the grains, phase fraction, and local strain in a material [12,13]. The details of the orientations acquired from multiple points within a given phase in a material enable a statistical check as to whether that phase has a preferred orientation. The interpretation of crystallographic texture from an EBSD data set can be achieved through the analysis of pole figures and orientation distribution maps. However, the analysis of the poles figures and the orientation distribution maps may not necessarily identify or predict the distribution of the active deformation systems in a material under load. Rather, the Schmid law is often used to predict the activation of slip systems in a material depending on the loading axis. The law dictates that yielding in a crystal initiates when the resolved shear stress on the slip plane along the slip direction exceeds the critical resolved shear stress (CRSS) [14]. The CRSS is a material property that represents the minimum shear stress required to initiate the slip. However, the CRSS differs for different slip systems in a material and is used to quantify the ease of slip in a particular slip system. The Schmid factor ( m ) is greatly influenced by the crystallographic orientation (orientation of slip systems) of the crystals in a material and is normally expressed as [14,15].


  m = c o s φ cos λ  



(2)




where  φ  denotes the angle between the loading axis and the normal to the slip plane and λ is the angle between loading axis and the slip direction. The critical resolved shear stress ( τ ) on the other hand, is expressed as:


  τ =  σ i  m  



(3)




where    σ i    is the uniaxial stress acting along a given axis.



The crystallographic texture of the reconstructed prior β-grains and transformed α′/α phase in AM Ti6Al4V parts, through the analysis of pole figures and orientation maps, has recently been studied and published in the open literature [7,8,9,10,16,17]. In the present study, the statistical distribution of the Schmid factor for individual grains in as-built and annealed Ti6Al4V(ELI) samples produced by the DMLS process is analysed and presented. In this study, the  m  values were calculated in detail for different slip systems in the α′/α-phase, including the basal, prismatic, and pyramidal slip systems, as well as for the retained and reconstructed β-grains. The results presented in this study are useful in the prediction of the active slip system that is to be used in describing the flow stress and deformation behaviour in different microstructures of LBPF Ti6Al4V(ELI).




2. Materials and Methods


2.1. Fabrication and Heat Treatment of Test Specimens


The Ti6Al4V(ELI) parts used for this study were fabricated using an EOSINT M 280 DMLS machine, a laser powder bed fusion technology from Electro Optical Systems (EOS) GmbH. The raw material was a gas-atomised spherical powder of Ti6Al4V(ELI) obtained from TLS Technik GmbH with a particle size of <40 µm (D10, D50, D90). The specified chemical composition (wt.%) of the powder was as follows: Al 6.34, V 3.944, Fe 0.25, O 0.082, C 0.006, N 0.006, H 0.00, and the balance Ti [18]. The DMLS machine parameters set used to fabricate the specimens were as follows: laser power 175 W, laser diameter 80 µm, hatch spacing 100 µm, layer thickness 30 µm, and scanning speed 1400 mm/s.



A total of 24 cylindrical rods, each with a diameter and length of 6 mm and 80 mm, respectively, such as the one in Figure 1, were built with their longitudinal axes aligned with the z-axis of the EOSINT M 280 machine and the x-axis of the SEM used in this study. While still on the platform with support structures, some of these rods were stress relieved. Thereafter, the rods were cut away from the platform, and the support structures were removed. Each rod was then cut into 10 samples, each with a diameter and length of 6 mm.



The manufactured samples were then subdivided into five groups, designated hereinafter as samples A, B, C, D, and E. The samples group B, C, D, and E were further exposed to heat treatment in a SuperSeries™ vacuum furnace system Model SS12-24/13MX with a horizontal chamber. Samples B were just stress relieved, while samples C, D, and E were first stress relieved and subsequently heat-treated at different high temperatures to allow microstructural transformation. The stress relieving heat treatment was executed in a vacuum chamber at a temperature of 650 ° C, with a soaking time of 3 h, followed by furnace-cooling to room temperature. The heat treatment cycles for samples C, D, and E are summarised in Table 1.



The furnace cooling rate for the B samples was obtained by switching off the furnace after the mentioned residence time and allowing the chamber to then cool to room temperature. The controlled cooling rates for samples C, D, and E shown in this table were achieved by accelerating a stream of argon gas through the furnace chamber. Further details on the selection of these heat treatment plans can be found in the authors’ previous work in [7,19].




2.2. Materials Preparation


The samples to be used for microstructural analysis were cut from the middle area, along the height of the samples, as shown in Figure 1. Sample pieces, with a height of 6 mm, shown in Figure 1, were cut from the samples and then sectioned into halves across the diameter (along the build direction) using an electrical discharge machine (wire cutting). The cut surfaces were then mounted using a Citopress mounting machine, where the specimens were placed in a mounting cylinder together with Multifast resin (conductive Bakelite). Mounting was followed by grinding and chemical-mechanical polishing. The grinding was executed with SiC papers (up to 4000 grit). The chemical-mechanical polishing was executed using a mixture of colloidal silica (OP-S) and water on an MD-Chem cloth. The polished samples were thereafter cleaned under tap water before being dried using a stream of compressed air. The polished samples were not etched since, in EBSD, the grain boundaries are delineated by processing the orientation of the measured data set.




2.3. EBSD Analysis


The crystallographic texture of the samples was studied, examined, and measured using a JEOL JSM -7001F SEM that was equipped with an EBSD detector. The EBSD system was equipped with a low-light sensitive camera (CCD) and HKL Channel 5 acquisition and data manipulation software. The mounted samples were glued onto a holder pre-tilted at an angle of 70 °  from the horizontal towards the EBSD detector to optimise both the contrast in the diffraction pattern and the fraction of electrons backscattered from the test sample. The number of grains measured is critical for quantitative texture analysis. More so, increasing the number of points at which measurements are obtained per grain also helps to better describe the grain size and shape, as well as any interior sub-grain structure, including low-angle grain boundaries. The number of points per grain is defined by the step size. Due to the small nature of grains, especially in samples A, B, and C, the scanning step size for the EBSD mapping in this study was selected to lie between 400–500 nm such that the average grain contained over 500 points. Other EBSD settings that were used for data collection in this study were as follows: a step size of 0.5 µm, a spot size of 3–5 µm, an accelerating voltage of 15 kV, a working distance of 14 mm, a magnification of X200, and a sampling grid of (X,Y) 980 × 755 µm.



The orientation distributions of various microstructures from the EBSD were acquired and processed in the HKL Channel 5 software. The post-processing of the EBSD data in the form of CFT files was conducted in MTEX, a toolbox for analysing and modelling crystallographic textures from EBSD data. The distribution of the Schmid factor for various deformation mechanisms in the α′/α and β-phases of the DMLS Ti6Al4V(ELI) that were obtained are presented and discussed in this study.




2.4. Reconstruction of Prior β-Grains


During the β→α′/α transformation, the β-phase is concealed by the dominant α-phase formed due to its relatively low volume. Therefore, it is important to establish the relationship between the small fraction of the retained β-grains and the prior β-grains in a microstructure. The orientation of the prior β-grains can be reconstructed based on the knowledge of the transformed α′/α-phase using the BOR. The computer program ARPGE developed in [20] for the reconstruction of parent grains using the orientation measured from the daughter variants in the EBSD scans was used in this study.



Steps were taken to identify the α′/α belonging to the same mother-β-grain by considering the specific misorientation angles and axes between the adjoining grains. Further details of the reconstruction process used in this study can be found in [7]. The reconstructed β-grains were then exported to a file compatible with MTEX (.cft) for further analysis. The distribution of the Schmid factor for the active slip systems in retained β-grains and reconstructed prior β-grains are reported here.




2.5. Calculation of Schmid Factor for Different Slip Systems in the α and β-Phases Using MTEX Toolbox


Euler angles, as previously mentioned in Section 1, are normally used to present the orientation of individual crystals/grains with reference to a fixed coordinate system. On the other hand, the rotation matrix ( g ) shown in Equation 1 is used to transform the crystal coordinate system into a sample coordinate system. The MTEX-toolbox program was used to calculate the Schmid factor for all of the slip systems for a given orientation. The input to the program was the EBSD data of the three Euler angles for each grain in the material.



The slip system in each crystal consists of the slip plane and the slip direction, which are expressed using Miller indices as (  h k l  ) and (  u v w  ), respectively. Thus, the transformation of the slip system from the crystal coordinate system to the sample coordinate system is given as:


   n = g •      h     k     l          and   b = g •      u     v     w        



(4)




where symbols  n  and  b  denote the transformed slip plane normal and the slip direction of a given slip system, corresponding to the sample coordinate system. The global stress state acting on the sample was assumed to be uniaxial expressed as,    σ i   . The schematic diagram in Figure 2 shows the loading axis of the samples in reference to the SEM coordinate system and the corresponding second rank stress tensors acting along each of the axes. It should be noted that the x-axis of the SEM used for this study corresponded with the build orientation (z-axis) during the DMLS process, as shown in Figure 1.



Thus, the global Schmid factor  m  for each slip system in an individual grain was calculated by resolving the stress in the slip direction of a given slip plane as:


  m = b • n •  σ i   



(5)







It is important to note that there are three different slip systems in the α′/α-phase of titanium, viz. basal, prismatic, and pyramidal slip systems, as shown in Figure 3a. Each of these slip planes has a preferred slip direction(s). These slip systems and the number of their variants that were analysed in this study are shown in Table 2.



It is worth mentioning that glide along the pyramidal plane can also occur by the movement of <c+a> type dislocations. However, the large Burgers vector of <c+a> type dislocations on pyramidal planes result in high values of the CRSS on these planes [21]. Thus, the probability of grains deforming by <c+a> dislocations is very low in Ti6Al4V alloy [22]. Therefore, the {  10  1 ¯  1  }|<  11  2 ¯  3  > slip system and its variants were not considered in this study.



The slip planes for bcc titanium are normally taken to be {110}, {211}, and {321}, with the slip direction being <111> for all planes, as shown in Figure 3b–d. Each of these slip systems has 32 invariants.





3. Results and Discussion


3.1. Orientation Distribution and Volume Fraction of Phases


The Ti6Al4V alloy is generally composed of crystalline grains of either an α or β- phase, with each grain having a crystal structure with a uniform crystalline orientation relative to a reference frame. The proportion of either of these phases is dependent on the processing history and the post-process heat treatment adopted. For the different forms of DMLS Ti6Al4V(ELI) in Table 1, the volume fractions of α and β-phases were studied using the EBSD and XRD methods. A summary of the results from these analyses, as reported in [7,19], are presented in Table 3.



The different percentage fractions of the α- and β-phases recorded using the EBSD and XRD methods for the same material were ascribed to the inhomogeneous distribution of the β-phase in these microstructures. The EBSD results were based on a micro-grid area of 980 µm × 735 µm, while the XRD scans were conducted on the bulk surface of the samples. Thus, the results from XRD were taken to be a better representation of the bulk microstructure of each group of samples. For detailed analyses of the microstructures obtained after the heat treatments described in Table 1, the reader is referred to the authors’ previous work published in [7,19]. Figure 4 and Figure 5 show the orientation distribution of α′/α, retained β-grains and reconstructed prior-β grains in various forms of DMLS Ti6Al4V(ELI), respectively.



The orientation distributions of the grains in polycrystalline materials are usually dependent on processing history. The alignments of these crystals cause the material to have either a preferred or random crystallographic texture. As shown in the micrographs in Figure 4 and Figure 5, the z-axis of the SEM was orthogonal to the sample surfaces, which was the direction of the EBSD scans. As noted earlier in this paper, the x-axis of the SEM was aligned to the build direction of the samples during the DMLS process. Due to the high thermal gradient along the build direction associated with the DMLS process, the Ti6Al4V(ELI) parts manifested a preferential <100> direction texture for the prior β-grains [8,9]. This is clearly shown in Figure 4a–c and Figure 5a,b,d,f, where the prior β grains are shown to be elongated along the build direction. A preferred texture is expected to result in anisotropy of mechanical properties. However, DMLS parts have been shown to possess relatively isotropic mechanical properties [23,24], suggesting that the preferred prior β-texture does not cause the anisotropy of the mechanical properties in this case.



The crystallographic texture of the α′/α laths are illustrated by the Euler angles for all of the samples shown in Figure 4. The inverse pole figure’s key in Figure 4f shows the colour codes related to the given orientations, such that the family of planes     1  1 ¯  00    ,     0002    , and     11  2 ¯  0     are represented by the colours blue, red, and green, respectively. The specific orientations are observed parallel to the XY-surface. As β-grains transform to α′/α-grains during the cooling process and following the well-known BOR between these two phases [25], 12 variants of the latter can be precipitated from each of the former grains. The transformation of the β-phase to the 12 variants of the α′/α-phase during cooling has been shown to give rise to the random texture of the material [7,9], thus raising the possibility of the anisotropy of the mechanical properties. It is rare that all the 12 variants of the α′/α-phase occur with equal probability, and some α′/α lath orientations tend to occur more frequently than others within the same prior β-grain, as shown in Figure 4a–d. This preference for certain variants to occur more than others has been attributed to variant selection during the β→α transformation [8,22]. For a detailed analysis of the variant selection in the DMLS Ti6Al4V(ELI) parts, using pole figures, the reader is referred to the authors’ previous work in Muiruri et al. [7].



The samples heat treated above the α→β transformation temperature are characterised by decomposed prior β-grains, which leads to the formation of equiaxed and semi- equiaxed grains as shown in Figure 4e and Figure 5h. The crystallographic texture of the retained β grains in Figure 5c,e,g is seen to be the same as that of the reconstructed β-grains in Figure 5d,f,h. This is further confirmed by the (100) plane contour pole figures of the reconstructed prior β grains and retained β-phase in the samples C, D and E shown in Figure 6. In this figure the poles of the reconstructed prior β-grains are seen to coincide with those of the retained β-grains.



The analysis of these pole figures shows that the (100) poles are mainly concentrated approximately along the  x -build direction in both cases of the retained β-grains and the reconstructed prior-β grains in samples C and D. This confirms that the retained β-grains in Ti6Al4V(ELI) formed during the DMLS cooling process possess a typical fibrous texture. Due to the decomposition of the prior β-grains after heat treatment above the α→β transformation temperature in the E samples, the concentration of the poles along the  x -direction disappeared, as seen in Figure 6. The crystallographic orientations of some of the grains in the E samples seem to have rotated at angles of 37° to the build direction in both cases of reconstructed and retained β-grains (circled in Figure 6). Such a rotation could influence the Schmid factor of such grains and is investigated in Section 3.3 of this paper.




3.2. Schmid Factor Distribution of α′/α-Phase in Various Microstructures of DMLS Ti6Al4V(ELI)


Figure 7 shows classical calculated values and distribution of the global Schmid factor for the basal slip system of the α′/α -grains in different forms of DMLS Ti6Al4V(ELI). The values in this figure were obtained based on the uniaxial load acting along the build direction (x-axis) shown in Figure 1. The maps of the global Schmid factor are coloured by codifying the obtained values of the global Schmid factor and then transforming them into the red, green, and blue (RGB) colour space for each pixel (Euler angles). The legend on the right side of the figure indicates the range of values for  m , from 0 to 0.5. A Schmid factor  m  = 0 indicates that the slip plane normal or the slip direction is parallel or orthonormal to the loading direction, respectively. Thus, according to Equations (2) and (3), there is no shear stress acting on such a slip system. Such crystals will slip on different slip systems in which the Schmid factor for the applied load is higher than zero. As the angle between the slip plane normal or the slip direction and the loading axis increases or decreases from 0° and 90°, respectively, the  m  value increases with an attendant increase in the ease of slip on the planes and the directions of closest packing. The Schmid factor is at a maximum (  m = 0.5  ) when the angle between the loading axis and slip plane normal and the slip direction is 45°, which is commonly referred to as the angle of maximum shear.



As shown in the micrographs in Figure 7, the calculated values of the global Schmid factor for the basal slip system of the α′/α–grains in various microstructures of DMLS Ti6Al4V(ELI) are distributed across the full range of values for the factor. While the micrographs in Figure 7 show a section of sampled area, statistical analysis of the distribution of the global Schmid factor in the α′/α-grains for the entire sampling grid area of 980 × 755 µm for the samples is summarised in Figure 8. In this analysis, the values of the global Schmid factor were obtained for each of the three-stress tensors (   σ x   ,  0 ,  0 ), ( 0 ,    σ y   ,  0 ) and ( 0 ,  0 ,    σ z   ) shown in Figure 2, acting on the samples, one at a time.



The plots in Figure 8 are for the frequency of orientation of the grains as defined by the determined global Schmid factor. As seen in this figure, more than 50% of the grains for samples A, B, C, and D have their global Schmid factor values for the basal slip system in the range of 0.4–0.5 for the load applied along the build orientation (x-axis). This suggests that more than half of the grains in the four different forms of the alloy have their     0001    α′/α planes oriented at an angle between 27 ° and 63 ° to the build direction, thus the high values of the global Schmid factor along this direction.



A typical example of the distribution of the global Schmid factor for the basal slip system in the D samples, with hexagonal closed-packed (hcp) crystal structures overlaid on the α-laths, is shown in Figure 9. In this figure, the α-laths with low values of the global Schmid factor (shown in blue colour) have their     0001    α′/α planes or direction of Burgers vector almost parallel or normal to the load axis, respectively. On the other hand, α-laths with higher values of the global Schmid factor have their     0001    α′/α-planes or the Burgers vector near 45° to the load axis.



It is not surprising how large the number of laths in samples A, B, C, and D that have higher values of the global Schmid factor (>0.4) are, considering the relationship of the Burgers orientation between α and β-phases during transformation and the strong fibrous texture in the <100> direction of the prior β-grains. In Figure 9b,c, two orientations of the     110    -planes (slip planes in bcc structure) are shown, where in Figure 9b, the slip plane is at 45 ° and in Figure 9c it is parallel to the direction <100>.



Among the six slip planes in a single bcc structure, four of them are oriented at an angle of 45° to the <100> direction, while the remaining two are normally parallel to the <100> direction. Therefore, due to the strong fibrous texture in the <100> direction of prior-β grains along the build direction, there is a likelihood that approximately 67% of     110     β  -planes transform to     0001      α ′  / α   oriented at angles close to 45 ° to the build direction. There are also more grains with global Schmid factors in the range of 0.4–0.5 in samples A, B, C, and D for the load acting in the  x -direction than that along the  y  and  z -direction for the basal slip system. The preceding discussion suggests that a large percentage of the α′/α-grains in DMLS Ti6Al4V(ELI) will have higher values of global Schmid factor for the basal slip system for a load applied along the build direction, as seen in Figure 8.



The influence of the build direction on the global Schmid factor of the α′/α-basal slip system is slightly reduced in the E samples, with only 43% of the grains having an  m -value above 0.4, as seen in Figure 8. Furthermore, the percentage of the grains with an  m -value above 0.4 for the basal slip system in the E samples for the load acting in either one of the three mutually orthogonal x, y, and z directions is approximately the same (43, 44, and 40%, respectively). The possible reason for this observation is the decomposition of columnar prior β-grains after the post-process heat treatment above the α→β-transformation temperature, as reported in [7].



The statistical analysis in Figure 8 shows that 33% to 50% of the grains have their values of global Schmid factor for the prismatic slip system being  ≥ 0.4 for the loads applied along either of the three mutually perpendicular axes for all the five different forms of DMLS Ti6Al4V(ELI). Clearly, the build orientation does not seem to influence the calculated values of the global Schmid factor of the prismatic slip system in either form of the alloy. A similar observation applies to the pyramidal slip system in all five groups of samples. This is possibly because there is no Burgers orientation relationship between the α′/α-prismatic and pyramidal slip planes and the prior β-grain slip planes. There is a higher number of α′/α grains, with the global Schmid factor of the pyramidal slip system being  ≥ 0.4, compared to the basal and prismatic slip systems in samples A, B, C, and D, especially for the uniaxial load acting along the y- and x-axes.



It is important to note that the ease of slip on a given slip system is quantified by the CRSS, and different slip systems have different values of CRSS. Different values of CRSS for the same slip systems of the Ti6Al4V alloy have been reported, and there seems to be a lack of consensus on the actual value in the literature [26,27,28,29,30,31]. Hongmei et al. [27] attributed this uncertainty in the value of CRSS to the difficulty with its measurement, especially for non-cubic metallic structures. Some of the reported values of CRSS at room temperature for different slip systems of Ti6Al4V polycrystals are shown in Table 4, and the ranges of values in this table are presented in Figure 10.



As seen in Table 4 and Figure 10, at room temperature, there are variations in the differences in the values of CRSS for all four slip systems. This difference is comparatively smaller between the basal<α>, prismatic<α> and pyramidal<α> slip systems than between them and the pyramidal slip system with <c+α> Burgers vector.



The uniaxial stress required to initiate slip against the global Schmid factor is presented in Figure 11 using the upper and lower values of CRSS for each slip system given in Table 4 and presented in Figure 10. As expected, the uniaxial stress required to initiate slip decreases as the Schmid factor increases. The ranking sequence for the different deformation mechanisms in terms of uniaxial stress required to initiate slip from low to high is seen in Figure 10 and Figure 11 to be basal<α>, prismatic<α>, pyramidal<α> and pyramidal<c+α>, with higher differences for the lower than upper values for the first three slip system.



Various α′/α grains in a material will obviously require different values of uniaxial stress to initiate glide due to their different orientations. This suggests that the global Schmid factor distribution shown in Figure 8 plays a pivotal role in determining the percentage of grains in a material that will deform in a given slip system for a given applied stress.




3.3. Schmid Factor Distribution of Retained β-Grains and Reconstructed Prior β-Grains in Various Microstructures of DMLS Ti6Al4V(ELI)


A typical distribution of the global Schmid factor for the reconstructed prior-β grains in samples A, B, C, D, and E and retained β-grains in samples C, D, and E is shown in Figure 12. The bcc structure is overlaid on each of the prior β-grain to demonstrate the orientation of the crystal structures in those grains with reference to the build direction. The statistical analysis of this distribution of the global Schmid factor for the EBSD scanned area is summarized in Figure 13. It is important to note that, similar to the previous section, the load axis was along the build direction (x-axis) shown in Figure 1.



It is evident in Figure 12 and Figure 13 that over 90% of the grains (either reconstructed prior-β grains or retained β-grains) in the samples of A, B, C, and D have values of the global Schmid factor that are >0.4. In fact, over 60% of the grains in these four different groups of samples have global Schmid factors between 0.48 to 0.5. This suggests that most of the β grains in these samples have their slip planes at angles in the range of 37° and 53° to the build direction, as shown in Figure 12f. If the bcc crystal structures in prior β-grains are perfectly stacked along the build direction, four of the six slip planes shown in Figure 9b would be at an angle of 45° to the build orientation, thus having the maximum value of the global Schmid factor of 0.5. However, as seen in Figure 12, the prior-β grains with the highest value of global Schmid factor (marked 1 in the figure) have a small angle of orientation ( ≤ 6°) to the build direction. As the angle of orientation between the cubic structure and the build direction increases, as is the case for the grains marked 2 in Figure 12, the values of the global Schmid factor decrease. The angle of orientation between the build direction and bcc crystal structures in grains marked 2 in Figure 12 is estimated to lie between 18° and 20°, thus giving  m -values between 0.39 and 0.4.



The distribution of the global Schmid factor in the E samples show an inconsistency when compared with those of samples A to D, as seen in Figure 12f. For instance, about 36% of the reconstructed prior β-grains in the E samples have values of global Schmid factor < 0.4, while only 22% of these grains have their value in the range of 0.49–0.5. Samples A to D show percentages that increase towards the higher values of the global Schmid factor. Even though a large percentage (48%) of the retained β-grains showed values of the global Schmid factor at the highest end, about 36 % of the grains have their value in the range of 0.45–0.46. Samples C and D show very little occurrence of the retained β-grains in the mid-range values of the global Schmid factor and a gradual increase towards the higher values. The inconsistency shown in the samples of E can be ascribed to the decomposition of the prior β-grains upon heat treatment, leading to some realignment of the bcc crystal structures, as shown in the pole figures in Figure 6.





4. Conclusions


The global Schmid factor of the three slip systems (basal<α>, prismatic<α> and pyramidal<α>) for the α′/α-phase and slip systems in the β-phase were systematically calculated in five different forms of DMLS Ti6Al4V (ELI). The following conclusions were deduced from this analysis:




	
The crystallographic orientation of the retained β-grains and that of reconstructed prior β-grains was found to be the same and was further confirmed by the pole figures of these grains.



	
The determined values of the global Schmid factor for the α′/α-phase of DMLS Ti6Al4V(ELI) were distributed across the full range of values (0–0.5).



	
More than 50% of the grains in samples A, B, C, and D had their global Schmid factor for the basal slip system at the highest range of 0.4–0.5 for a load acting along the build direction.



	
The influence of the build direction on the global Schmid factor of the α′/α -basal slip system diminished in the E samples that were heat treated above the α→β transformation temperature. The percentage of grains with   m ≥     0.4 for this type of slip system was approximately the same for the load applied in any one of the three mutually orthogonal x-, y-, and z-directions.



	
The build direction did not seem to influence the distribution of the global Schmid factors for the prismatic and pyramidal slip systems.



	
There was a higher number of α′/α grains with the global Schmid factor in the pyramidal slip system   ≥     0.4, compared to the basal and prismatic slip systems in samples A, B, C, and D, especially for the uniaxial load acting along the y- and z-axes.



	
Over 90% of the retained β-grains and reconstructed prior β-grains in samples A, B, C, and D had values of the global Schmid factor > 0.4 for loads acting along the build direction. Furthermore, over 60% of the grains in these four different groups of samples had their global Schmid factors in the highest range of 0.48 to 0.5.



	
Only 22% and 48% of the reconstructed prior β-grains and retained β-grains, respectively, had their global Schmid factors in the highest range of 0.48–0.5.








Future research should aim at performing the slip trace analysis on various microstructures of DMLS Ti6Al4V(ELI) deformed at predetermined levels of strain.
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Figure 1. (a) A typical fabricated cylindrical rod of DMLS Ti6Al4V(ELI) that was then cut up into cylinders of 6 mm height for microstructural analysis and further tests. In (a), the white arrow shows the build orientation, (b) the EOSINT M280 machine standard co-ordinate system and (c) the coordinate system of the SEM used for this study with reference to the orientation of samples. 
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Figure 2. Illustration of the specimen loading axis and respective second rank stress tensors along each of the axes. 
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Figure 3. Different slip systems of (a) hcp crystal structure and (b–d) bcc slip systems for Ti6Al4V alloy. 
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Figure 4. The orientation distribution of (a) samples A, (b) samples B, (c) samples C, (d) samples D and (e) samples E, and α- hcp critical planes and their depiction in IPF key (f). The black arrows in these micrographs indicate the build orientation. 
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Figure 5. Orientation distribution of reconstructed prior β-grains (a,b,d,f,h) and retained β-grains (c,e,g) in (a) samples A, (b) samples B, (c,d) samples C, (e,f) samples D, and (g,h) samples E. The black arrows in the micrographs indicate the build orientation. 
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Figure 6. The (100) plane contour pole figures of the reconstructed prior β-grains and retained β-grains in samples (C, D, E). 
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Figure 7. A classical distribution of the global Schmid factor for the basal slip system of α′/α-grains in (a) samples A, (b) samples B, (c) samples C, (d) samples D, and (e) samples E. The direction of the acting stress (   σ x   ) used to evaluate the Schmid factor is shown in (f). 
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Figure 8. Statistical distribution of the global Schmid factor for basal, prismatic, and pyramidal <α> slip systems in samples type (A–E). 
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Figure 9. (a) Global Schmid factor distribution of basal slip system for α-laths in samples D with hcp crystal structures overlaid on each grain. The red arrows indicate the direction of Burgers vector (slip direction) and (b,c) are bcc structures with     110     slip planes at (b) 45 ° and (c) 0° to the <100> direction. 
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Figure 10. Comparison of the range of values of CRSS for different slip systems in Ti6Al4V. 
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Figure 11. Uniaxial stresses required to initiate slip in four different slip systems of α-hcp (Ti6Al4V-polycystals) at different levels of global Schmid factor. 
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Figure 12. Typical distribution of the global Schmid factor in (a–c,e,g) reconstructed prior β-grains with the orientation of cubic structure shown in each grain and (d,f,h) retained β-grains for (a) samples A, (b) samples B, (c,d) samples C, (e,f) samples D, and (g,h) samples E. The black arrows indicate the build direction. 






Figure 12. Typical distribution of the global Schmid factor in (a–c,e,g) reconstructed prior β-grains with the orientation of cubic structure shown in each grain and (d,f,h) retained β-grains for (a) samples A, (b) samples B, (c,d) samples C, (e,f) samples D, and (g,h) samples E. The black arrows indicate the build direction.



[image: Crystals 12 00743 g012]







[image: Crystals 12 00743 g013 550] 





Figure 13. Statistical distribution of the global Schmid factor for reconstructed prior β-grains in samples (a) A, (b) B, (c) C, (d) D and (e) E, and retained β-grains in samples (c) C, (d) D and (e) E, while (f) is a plot of the global Schmid factor against the angle between the slip plane normal and the build direction. 
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Table 1. The heat treatment strategies and designations of LPBF Ti6Al4V(ELI) samples.
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	Designation
	Temperature (   °  )
	Residence Time (h)
	Cooling Rate
	Average Rate of Cooling





	A
	As-built
	-
	-
	-



	B
	650
	3 h
	FC
	-



	C
	800
	2.5 h
	CC
	7.5 °C/min



	D *
	940 and 750
	2.5 h and 2 h
	CC
	57.5 and 51 °C/min



	E
	1020
	2.5 h
	CC
	40.5 °C/min







* Duplex annealed, FC—Furnace cooled, CC—Controlled cooling.
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Table 2. The number of α′/α-titanium slip systems analysed in this study.
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	Slips System
	Slip Plane
	Slip Direction (<a>)
	Number of Variants





	Basal
	<0001>
	(  11  2 ¯  0  )
	3



	Prismatic
	{  10  1 ¯  0  }
	(  11  2 ¯  0  )
	6



	Pyramidal
	{  10  1 ¯  1  }
	(  11  2 ¯  0  )
	12
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Table 3. The percentage volume fraction of α and β-phases as estimated by EBSD and XRD [7,19].
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Method of Analysis

	
EBSD

	
XRD






	
Type of phase

	
α′/α

	
β

	
α′/α

	
β




	
Samples A

	
100%

	
0

	
100%

	
0




	
Samples B

	
100%

	
0

	
100%

	
0




	
Samples C

	
98.9%

	
1.1%

	
96.4%

	
3.6%




	
Samples D

	
94.9%

	
5.1%

	
93,6%

	
6.4%




	
Samples E

	
97.3%

	
2.7%

	
93.4%

	
6.6%
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Table 4. The CRSS for different slip systems in α′/α-grains at room temperature.
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	Slip System
	Basal<α>
	Ref
	Prismatic<α>
	Ref
	Pyramidal<α>
	Ref
	Pyramidal<c+α>
	Ref





	
	388 MPa
	[26]
	373 MPa
	[26]
	401 MPa
	[27]
	631 MPa
	[27]



	
	345 MPa
	[27]
	355 MPa
	[27]
	395 MPa
	[31]
	612 MPa
	[27]



	
	325 MPa
	[27]
	342 MPa
	[28]
	404 MPa
	[31]
	640 MPa
	[29]



	
	373 MPa
	[28]
	388 MPa
	[29]
	
	
	
	



	
	400 MPa
	[29]
	380 MPa
	[30]
	
	
	
	



	
	404 MPa
	[30]
	392 MPa
	[31]
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