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Abstract

:

Titanium alloys are widely used in various industries. The most common and well-known titanium alloy is titanium alloy with aluminum and vanadium (Ti-6Al-4V). This alloy is used, for example, in the manufacture of aircraft engines. As part of the development of technologies and the emergence of the evolving requirements for materials, Ti-6Al-4V alloys with ultrafine grains less than 1 μm may become promising. This modification of the alloy has excellent strength characteristics, such as increased fatigue resistance. However, manufacturers are aware of the machinability problem of titanium alloys. To date, a sufficiently high level of understanding of this problem has already been achieved. But, there is practically no information about the machinability of ultrafine-grained alloys and their comparison, in this regard, with the usual coarse-grained version. This study presents the results of experimental studies on the influence of cutting parameters (cutting speed, V, m/min; feed rate, Fz, mm/rev) on the roughness and microstructure of the surface of Ti-6Al-4V samples with coarse-grained and ultrafine-grained structures produced via equal-channel angular pressing. It is shown that turning at a low cutting speed (V = 48 m/min) results in a better surface roughness, Ra, for the coarse-grained sample compared to its ultrafine-grained alloy counterpart. When the cutting speed is increased by 1.5 times (up to V = 72 m/min), on the contrary, the ultrafine-grained sample has a lower surface roughness, Ra, compared to the coarse-grained sample. The differences in the morphology and microstructure of the chips, depending on the microstructure type of the processed alloy, are discussed: the presence of plastic flow lines in the chip microstructure of the turned ultrafine-grained sample and the formation of shear bands, cleavages, and microcracks in the chips of the turned coarse-grained alloy.
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1. Introduction


Titanium alloys that have a higher specific strength, as compared to heat-resistant steel grades and Ni alloys, are readily usable for various practical applications in modern aircraft engine building. There are heavy-loaded parts (discs, bushes, shafts, blades, etc.) found in power stations, gas compression stations, and aviation equipment, as well as medical devices and implants. As is known, in most cases, parts begin to fail with their surface, which is characterized by parameters such as roughness, residual stresses, waviness, hardening, etc. [1]. The surface quality, in turn, depends on the modes of surface machining. The problems of machining, when producing parts from titanium alloys, are known and are aggravated by the fact that most of these materials, especially in a hardened state, are hard to machine [1,2,3,4]. In particular, low ductility is characterized by a high coefficient of hardening during cutting, approximately twice as high as that of heat-resistant steels and alloys. In addition, the high reactivity of titanium alloys to oxygen, nitrogen, and hydrogen causes the intense embrittlement of the surface layer of alloys due to the diffusion of gas atoms into it when the temperature increases during cutting. The oxidation of the contact layer of chips increases its hardness, contact stresses, and cutting temperature, which enlarges the tool wear rate [2]. Due to the poor thermal conductivity of titanium alloys, heating in the cutting zone causes both the setting of the processed material with the tool material and the appearance of scratches (scabs) on the surface [2].



There are several strategies to improve machinability and, as a result, reduce manufacturing costs. For instance, this can be reached via increasing the efficiency of selecting insert materials, programming the machining center, increasing tool life through improving machining conditions, reducing energy via applying a coolant, etc. [5,6,7,8]. To achieve a higher surface quality of parts, in addition to mechanical cutting, modern methods of processing hard and brittle materials are used, such as precision grinding and electrochemical polishing, ensuring the uniform removal of material while reducing the processing load [9].



Surface roughness is one of the important criteria of surface quality. It is an indicator of the integrity of the processed surface and quantitatively characterizes microscopic roughness [10]. High surface roughness can easily lead to the development of small cracks and stress raisers, which reduces the performance of titanium workpieces. Therefore, it is an important task to control surface roughness when turning or grinding a workpiece. Surface integrity is carefully examined after complex surface treatments of titanium alloys. For example, in [11], a multi-criteria method to optimize process parameters was proposed to reduce surface roughness and improve the material removal rate. In [12], the effect of grinding parameters, such as the cutting speed, feed rate, grinding depth, and abrasive size, on surface integrity was experimentally studied.



It is known that the machinability of titanium alloys is significantly affected by chemical composition, phase distribution, and microstructure, which may be different depending on the mode of thermomechanical processing: equiaxed, lamellar, or duplex [13,14]. In [15], various strategies for high-precision machining on Ti-6Al-4V alloys were considered. In [16], the influence of the microstructure and texture of Ti-6Al-4V, after various annealing conditions and cutting speeds, on cutting forces and residual stresses was investigated. In [17], the microstructural response to cutting forces, the formation of shear zones, and chip morphology during the turning of a Ti-6246 alloy were shown to depend on the conditions of its post-forging heat treatment. The authors of [18] reported on the effect of changing the volume fraction of alpha and beta phases on cutting forces using a Ti-6Al-4V alloy, while the use of a high-pressure coolant provided sufficient lubrication at the cut interface, which reduced the effect of phase transition on the machinability of the titanium alloy Ti-6Al-4V. It was shown in [19,20] that a near-beta Ti-5553 alloy in a heat-treated state has a higher yield strength and fatigue strength but much lower machinability and productivity compared to an alpha + beta Ti-6Al-4V alloy.



In recent decades, much attention has been paid to the study of nanostructured and ultrafine-grained (UFG) metals and alloys processed via severe plastic deformation (SPD) techniques [21,22]. In particular, previously conducted studies have shown that the formation of UFG structures via SPD techniques in Ti-6Al-4V alloys has the potential to increase fatigue resistance, which is attractive for engineering applications of this alloy in high-loaded structures, such as aircraft engines. Ultrafine-grained metals, including UFG titanium alloys, have a significant advantage over coarse-grained ones produced by industry in terms of strength and fatigue resistance [23,24,25]. The authors of [26] reported that the formation of nano or UFG structures in titanium via SPD reduces the adhesive component of the friction coefficient and reduces its tendency to setting [27]. One can assume that the formation of UFG structures in Ti-6Al-4V alloys will result in a positive response to turning conditions. However, there are few publications on studies on the machinability of titanium alloys with UFG structures.



The production of high-load parts from UFG titanium alloys will enlarge the strength, reliability, and fatigue life of the product. Therefore, it is necessary to pay special attention to the choice of turning parameters when producing parts from UFG alloys in order to obtain the required surface quality indicators. In addition, when choosing turning parameters, factors such as the high strength of the UFG workpiece and increased internal residual stresses after SPD should be taken into account. The technological operations to which a material is subjected before turning are important inherent factors that can have a significant impact on the surface quality of the workpiece and the functional properties of the final part [28].



This research is aimed at studying the influence of a formed bulk UFG structure in Ti-6Al-4V workpieces, processed via equal-channel angular pressing, on surface quality. The conditions of the turning process (cutting speed (V, m/min), feed rate (Fz, mm/rev), and cutting depth (t, mm)) of round workpieces of Ti-6Al-4V alloys with coarse-grained and ultrafine-grained structures were studied to assess the response of the material microstructure to surface roughness and integrity.




2. Experimental Procedure and Materials


2.1. ECAP Processing and Sample Size and Shape


Initial bars with coarse-grained (CG) structures and ingots with a UFG structure state were used in the work. The material of this study was Grade 5 Ti-6Al-4V titanium alloy, according to the ASTM B348 standard. It had the following chemical composition: Al—6.6%; V—4.9%; Zr—0.02%; Si—0.033%; Fe—0.18%; C—0.007%; O2—0.17%; N2—0.01%; H2—0.002%; and titanium as the balance. The polymorphic transformation temperature of the alloy was 975 ± 5 °C. To produce a Ti-6Al-4V alloy bar with an ultrafine-grained structure, an initial bar was processed via equal-channel angular pressing (ECAP) in 4 passes. The Bc route (a sequence of 90-degree turns of the workpiece bar) of ECAP processing was applied. The intersection angle between the channels of an ECAP die-set was 120 degrees. Processing was carried out at a temperature of 700 °C [25]. Prior to ECAP, the coarse-grained workpieces with a diameter of 40 mm and a length of 225 mm were subjected to preliminary heat treatment via quenching from a temperature of 950 °C (heating for 20 min) followed by annealing at a temperature of 675 °C for 4 h in order to increase the efficiency of grain refinement in the workpiece.




2.2. Equipment and Cutting Tool for Turning


A screw-cutting lathe with a digital readout (DRA) from JET (model: GH-1640ZX; country of origin: China) was selected for machining. For experimental studies, an ISO holder (PCLNR2525-M16) and an interchangeable polyhedral insert (CNMG 160608-46, Sandvik MKTS, Rostov-on-Don, Russia) were used (Figure 1 and Table 1). It is a double-sided carbide insert, without positive corners, for finishing and semi-finishing in turning (rhombic, with an angle of 80°).



The characteristics of the holder and work insert are presented in Table 1.



Coolant was not used when cutting. The processing conditions were identical for the bars of Ti-6Al-4V alloy with coarse-grained and ultrafine-grained microstructure states.




2.3. Cutting Regimes and Surface Roughness


The CG and UFG workpieces of the Ti-6Al-4V alloy were turned in several zones (like the lateral surface area (LSA) of a cylinder), with lengths ranging from 8 to 10 mm, under various cutting modes, ranging from one to eight. Such LSA zones can be clearly seen in the general view of one of the Ti-6Al-4V alloy workpieces, which is shown in Figure 2. The diameter of the bars was 30 mm, and the length was 200 mm.



The cutting regimes for the Ti-6Al-4V workpieces with CG and UFG structures were selected based on the Sandvik company’s catalog of cutting conditions. The cutting conditions that were selected for the research are listed in Table 2.



The cutting regimes were determined via a combination of the main cutting parameters: speed, depth, and feed rate.



In order to measure the roughness of a surface, a MarSurf PS1 measuring device (Mahr GmbH, Esslingen, Germany) was used, which provides Ra, Rz, and Rmax data. The maximum measurement range was 350 µm (from −200 µm to +150 µm). Surface roughness measurements were carried out over a length of five millimeters. Four measurements were taken on each “zone” in diametrically opposite places and one rotation of 90 degrees. The device used for measurement was a contact device.




2.4. Microstructure, Tensile Properties, and Microhardness


Specimens of Ti-6Al-4V with CG and UFG structures were subjected to mechanical grinding and polishing using silicon suspension for metallographic studies. Then, they were etched with a solution of the following composition: 10HNO3 + 30HF + 60H2O. A microstructure investigation of the samples was carried out using scanning electron microscopy (TESCAN Mira LMS, a.s., Brno, Czech Republic). The phase contrast was observed in back-scattered electron (BSE) mode. An Olympus GX51 light optical microscope with a photomicrographic system (DP71; Olympus, Tokyo, Japan) was used for the chip structure observations.



Tensile tests were performed at room temperature at a rate of one millimeter per minute on an Instron 5982 (Instron, Buckinghamshire, UK) testing machine. The tensile samples had cylindrical gauge sections with initial lengths of 15 mm and a diameter of 3 mm. To ensure the reproducibility of the data, three specimens were tested for each condition.



The microhardness of the polished CG and UFG Ti-6Al-4V alloys was tested via the Vickers method using a DuraJet 10 tester (EMCO-TEST PrufmaSchinen GmbH, Kuchl, Austria). The applied load was 500 g, and the exposure time was 10 s. Microhardness measurements were carried out in the longitudinal axial section of both bars with CG and UFG structures. In each section corresponding to its cutting mode, indenter marks were placed in the region of the bar axis (center) and in the near-surface layer (surface) at a depth of 50 μm.





3. Results


3.1. Microstructure and Tensile Properties of Ti-6Al-4V in the Initial State and after ECAP


Figure 3a displays the microstructure of the CG Ti-6Al-4V alloy in a hot-rolled state. The microstructure is a typical β-transformed structure and consists of packs of α-phase plates (gray-colored) with different crystallographic orientations, depending on the orientation of the initial β grains. The solid interlayers of the residual β phase (white-colored, as shown in Figure 3a) are located in the phase boundaries.



One can observe deformed and distorted plates in the alloy microstructure after equal-channel angular pressing. Equiaxed subgrains are formed inside the plates, and the β phase becomes discontinuous but localized in the shape of individual grains less than 1 μm in size (white-colored, as shown in Figure 3b). Thus, the structure of the alloy after ECAP is a mixture of ultrafine grains and subgrains about 1 μm in size.



The tensile mechanical properties of the Ti-6Al-4V alloy bars with coarse-grained and ultrafine-grained structures are presented in Table 3.



As we can see, the ECAP treatment leads to a 30% increase in the yield strength of the alloy. However, this is traditionally accompanied by a decrease in elongation, which, in this case, becomes 35% less.




3.2. Surface Roughness after Machining


When processing, according to modes 1–4, at a relatively low cutting speed (V = 48 m/min), one can observe that the workpiece with a CG structure had a lower surface roughness (Ra) compared to the UFG workpiece (Figure 4a). The roughness was 0.446–0.462 µm, on average, and for the UFG billet, it reached 0.795 µm, especially when the feed rate (Fz) was increased from 0.06 to 0.11 mm/rev.



The cutting speed increased to V = 72 m/min and the feed rate, Fz, increased from 0.06 to 0.11 mm/rev, with both leading to growth in the average roughness value of Ra (Figure 4) for the Ti-6Al-4V workpieces with both states. At the same time, the UFG workpiece demonstrated a lower roughness of 0.410–0.446 μm at Fz = 0.06 mm/rev to 0.797 μm at Fz = 0.11 mm/rev compared to the CG alloy, the roughness value of which reached 1.427 μm at Fz = 0.06 mm/rev (Figure 4b). In general, it should be noted that the lowest surface roughness was obtained when turning via mode 5 was applied to the workpiece with the UFG structure (Ra = 0.410 µm) and when the CG structure was subjected to turning according to mode 2 (Ra = 0.408 µm).




3.3. Microhardness and Microstructure of the Surface Layer of Turned Billets


Table 4 lists the average values of the material microhardness in the near-surface layer and billet center depending on the cutting speed for the CG and UFG structures.



The microhardness values of the Ti-6Al-4V alloy with a UFG structure (HV = 380 MPa) are higher than those in a CG state (HV = 335 MPa). This may be associated with the reduction in the size of structural and phase components after severe plastic deformation via ECAP [25]. Table 4 shows that the average values of microhardness in the center and near-surface layer, regardless of the turning speed and feed rate, are almost the same for both the CG and UFG workpieces, which indicates the absence of any damage and local overheating in the zone in contact with the cutter during turning.



The absence of physical surface damage, microcracks, and the deformation of α plates in both the CG and UFG Ti-6Al-4V alloys, after turning at cutting speeds of 48 and 72 m/min, can be confirmed via the microstructure images of the near-surface area in Figure 5.




3.4. Chip Microstructure


Chips obtained from the workpieces with CG and UFG structures through turning via mode 4 (cutting speed V = 48 m/min and feed rate Fz = 0.11 mm/rev) were used in the studies. As a result of turning, a large difference in the surface roughness was achieved (Figure 4). Turning via mode 8 (cutting speed V = 72 m/min and feed rate Fz = 0.11 mm/rev) resulted in a surface roughness value almost the same as the measurement error (see Figure 4). In both cases, the chips had a saw-tooth shape typical of titanium alloys (see Figure 6 and Figure 7).



As is known, as a result of cutting, shear bands with the highest straining are observed in the microstructure of chips [29]. Shear bands are clearly seen in the chips obtained after processing the CG sample at a cutting speed of V = 48 m/min (Figure 6a). Microcracks and cleavages are observed, along with shear bands, in the structure of chips obtained from the CG sample with the cutting speed increased to 72 m/min (Figure 6b). Overall, this indicates that the chips were under very severe friction conditions, especially at higher processing speeds.



On the contrary, there are no distinct shear bands in the microstructure of the chips formed during the turning of the UFG sample (Figure 7). The lines of plastic flow are visible when cutting at both a cutting speed of V = 48 m/min (Figure 7a) and a higher processing speed of V = 72 m/min (Figure 7b). In general, this can be explained via the reduced local cutting force [17].





4. Discussion


This study proved that the microstructure of titanium alloys has a significant effect on the parameters of turning applied to titanium alloys. A reduced grain size in the microstructure of the ECAP samples resulted in enhanced ultimate tensile strength (982 and 1260 MPa for the CG and UFG samples, respectively) and microhardness (335 and 380 HV for the CG and UFG samples, respectively), as shown in Table 2. This has been reported in earlier studies [25,30]. The higher surface microhardness values of the UFG Ti-6Al-4V alloy are due, firstly, to reduced grain sizes in the α and β phases [25]. It has also been shown that the alloy microstructure after ECAP is characterized by a high dislocation density and high internal stresses associated with a heavy distortion of the crystalline lattice, as well as an increase in the proportion of the “harder” α phase after severe plastic deformation via the ECAP method. According to [30], the proportion of the α phase can increase from 85 to 95%. A decrease in the fraction of the metastable β phase can explained by the active βm → α + β transformation induced via SPD processing [25].



In accordance with the theory of ductile fracture, grain refinement in the processed material is accompanied by a decrease in the critical length of a crack. Chip formation, when processing UFG titanium, begins at smaller macrocrack sizes. That is, less work will be required for crack growth under the same stresses. In this case, the local cutting force decreased. In particular, such a tendency was demonstrated for a Ti-6Al-4V alloy with different types of structures (lamellar and duplex) obtained after Beta annealing and STA by the authors in [17]. On the one hand, a harder material leads to losses in cutting forces, for example, for β-transformed lamellar structures. On the other hand, the cutting force is sensitive to the size and morphology of secondary alpha plates, which can cause different material responses to the cutting process. The authors in [17] explain this fact via the mechanism of dislocation glide strain transmission between alpha plates before and until crack initiation (as well as the formation of a chip). It was found that thinner alpha plates result in a lower net force, as they are more easily plastically deformed, possibly due to the reduction in the effective dislocation slip length.



A similar effect is apparently observed in the case of ultrafine grains in the microstructure of the investigated alloy with a UFG structure. When cutting with an increasing temperature in the contact zone, grain boundary dislocation sliding can take place [21], especially when the processing speed is increased (in this work, at V = 72 m/min). This is confirmed via the studies on the morphology of chips that formed during the turning of the workpieces. The traces of plastic flow in the chip of the UFG alloy may be indicative of signs of superplastic deformation in the material, while cleavage and brittle microcracks were observed in the chips of the CG sample, especially when processing was performed at a cutting speed of V = 72 m/min (Figure 6 and Figure 7).



An important result is that the lowest surface roughness of the UFG sample (Ra = 0.401) was achieved at a high machining speed (V = 72 m/min) compared to the CG sample, which exhibited superior roughness at a lower machining speed of V = 48 m/min. The Ra value of the surface of the UFG sample was more than 0.7 µm. With a machining speed of V = 72 m/min applied to the CG sample, a roughness (Ra) value of 1.427 at Fz = 0.06 mm/rev was achieved. Possibly, this can be explained by higher local heating in the contact zone of the cutter with the UFG material at high processing speeds, which contributed to a more plastic flow of the material during turning. In addition, the traces of plastic flow in the chips of the UFG alloy can also be confirmed by previously obtained conclusions about the reduction in the adhesive component of the friction coefficient in UFG titanium. [26].



When the cutting speed increased from 48 to 72 m/min, this led to a slight deterioration in surface roughness in both CG and UFG samples since the cutting speeds were relatively low. For example, in [31], it was shown that the surface roughness of Ti-6Al-4V ELI deteriorated by 50% with an increase in cutting speed from 50 to 200 m/min. The absence of surface damage, microcracks, and the deformation of plates and grains of the α phase (Figure 5) in the near-surface zone of the studied samples may also be associated with the use of relatively low cutting speeds. For example, in [32], at cutting speeds of 100 and 200 m/min, a zone in the near-surface area of a Ti-6Al-4V alloy in which grains underwent strong tensile and rotational straining was observed.



It is known that the final surface quality after turning parts made of titanium alloys is achieved via grinding and polishing, where Ra values can be 0.65 µm and lower [9]. In this work, after turning a UFG workpiece, a minimum roughness (Ra) value of 0.40 μm was achieved at a speed (V) of 72 m/min. It should be noted that in the case of a UFG sample alloy, the best quality of surface roughness is achieved at a higher cutting speed compared to a CG sample, which can improve the productivity of machining and, therefore, has a positive effect on reducing the cost of processing.




5. Conclusions


Thus, the results of this study on the machinability features of a Ti-6Al-4V alloy with coarse-grained and ultrafine-grained structures allow for drawing the following conclusions: Relatively the same surface roughness (Ra = 0.408–0.410 µm) was achieved when processing a CG sample workpiece at a cutting speed of V = 48 m/min, while for a UFG structure alloy, the same was obtained at a higher cutting speed V = 72 m/min, which is a favorable factor for improving the productivity of machining in the case of a UFG alloy. In this case, the feed rate, Fz, increased from 0.06 to 0.11 mm/rev in both cases, leading to an increased surface roughness value. The near-surface zone of the investigated alloys with CG and UFG structures was characterized by the absence of distinct traces of straining of plates and grains of the α phase, as well as signs of local overheating of the material at the studied cutting speeds of 48 and 72 m/min. The chips after turning had a saw-tooth shape, which is typical for titanium alloys. The absence of shear bands and traces of plastic flow in the microstructure of the alloy chips with a UFG structure may point to a decrease in the friction coefficient and cutting force, which is indicative of an improvement in the machinability of titanium alloys, provided that a UFG structure is formed. In this study, we did not consider residual stresses arising during the turning of titanium alloys as a result of local plastic deformation and critical shear when the material is removed from the surface. This is quite important for UFG structures of titanium alloys in terms of developing the method and mode of turning, taking into account high-volume stresses after severe plastic deformation. This requires a detailed study, which will be the subject of our further research.
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Figure 1. Holder with interchangeable polyhedral insert. 
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Figure 2. General view of a Ti-6Al-4V alloy workpiece with different regime zones in the lathe. 
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Figure 3. Microstructure of Ti-6Al-4V alloy billets in the initial state (a) and after ECAP (b). Back-scattered electron mode in scanning electron microscope. 
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Figure 4. Surface roughness of CG and UFG Ti-6Al-4V alloys depending on the machining regimes with cutting speeds of (a) V = 48 m/min and (b) V = 72 m/min. 
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Figure 5. Microstructure of the near-surface zone of CG (a) and UFG (b) samples at a cutting speed of V = 72 m/min with a feed rate of Fz = 0.11 mm/rev. Back-scattered electron mode in scanning electron microscope. 
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Figure 6. Chip microstructure of the resulting CG alloy structure when turning at a cutting speed of (a) V = 48 m/min and (b) V = 72 m/min. Light microscope. 
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Figure 7. Chip microstructure of the resulting UFG alloy when turning at a cutting speed of (a) V = 48 m/min and (b) V = 72 m/min. Light microscope. 
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Table 1. Technical characteristics of the holder and work insert.
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