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Abstract

:

Tube forming technologies based on internal forming pressures, such as hydroforming or hot tube gas forming, are state of the art to manufacture complex closed profile geometries. However, materials with excellent specific strengths and chemical properties, such as titanium alloys, are often challenging to shape due to their limited formability. In this study, the titanium alloy Ti-3Al-2.5V was processed by superplastic hot tube gas forming to manufacture a helically shaped flex tube. The forming process was investigated in terms of process simulation, forming tool technology and process window for the manufacturing of good parts. Within a simulation study, a strain rate optimized forming pressure–time curve was defined. With the newly developed tool design, forming temperatures up to 900 °C and internal forming pressures up to 7 MPa were tested. A process window to manufacture good parts without necking or wrinkling has been successfully identified. The experiment data showed good agreement with the numerical simulations. The detailed study of the process contributes to an in-depth understanding of the superplastic forming of Ti-3Al-2.5V during hot tube gas forming. Furthermore, the study shows the high potential of superplastic hot tube gas forming of titanium alloys for the manufacturing of helical flex tubes and bellows.
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1. Introduction


Titanium and its alloys have become a popular construction material in recent decades due to their high specific strength, excellent corrosion behavior and good mechanical properties [1]. The extraordinary property profile of this material makes it particularly interesting for applications in the fields of aerospace, medical technology, chemical process engineering or marine and offshore technology [2]. Besides machining, forging as well as sheet metal and profile forming are the most important manufacturing processes [3]. Due to the low ductility as well as the high yield stress of titanium and its alloys, the forming capacity at room temperature is limited. Therefore, complex component geometries also require adapted forming processes. These limitations can be overcome by means of temperature-supported forming processes and by taking advantage of microstructural and chemical properties.



In recent years, the increasing demand for tubular and profile components made of titanium alloys has become apparent in the fields of aerospace propulsion technology and chemical process engineering. Flex tubes and bellows in particular are examples of applications. Flex tubes made of titanium alloys are used for various reasons, among which the resistance to corrosive media, even at elevated operating temperatures, is the most important one. The corrugated structure ensures resistance to cyclic loads, one of the main reasons for the use of flexible tubes and bellows. As described by Lee et al. [4], conventional flexible tubes and bellows are manufactured by a multi-stage forming process. For this purpose, tubes or hollow profiles are bulged in a hydroforming process and the resulting convolutions are folded in a subsequent compression process [4]. In the past few years, several investigations have been carried out on the production of bellows. Faraji et al. [5] as well as Bakhshi-Jooybari et al. [6] dealt with the numerical design of the manufacturing processes, focusing on the pressure path during the process. Liu et al. [7] developed multi-layer bellows, investigated their manufacturing and the resulting springback behavior. Another emerging trend is the die-less manufacturing of bellows, which was investigated by Sedighi et al. [8] and Zhang et al. [9]. An alternative to conventional u-shaped bellows are s-shaped bellows. The production of reinforced s-shaped bellows was the subject of the study by Yuan et al. [10]. Most studies investigated the production of bellows and flex tubes made of steel and aluminum alloys. However, there is a lack of publications dealing with the complex and challenging manufacturing of titanium bellows and flex tubes, e.g., Wang et al. [11].



Common to all mentioned publications is that flex tubes and bellows have so far been limited to rotationally symmetrical geometries, regardless of the material used. For use as fuel or hydraulic pipes in propulsion systems and as pipelines in the chemical industry, however, the problem arises that the liquid or gaseous media do not flow through the pipes in a flow-optimized way and that turbulences occur. This also results in an increased cleaning effort of the pipes. A helical flex tube or bellow geometries with helical convolutions can improve the flow significantly.



Titanium alloys are difficult to form due to their microstructure (hexagonal crystal structure of the α-phase) and the resulting mechanical properties, such as high tensile strength and low Young’s modulus. Odenberger [12] explained how these material disadvantages can be overcome by thermomechanical forming processes. The possibility of superplastic forming (SPF) of titanium and its alloys has been known for decades [2]. SPF means forming at very low strain rates far above the recrystallization temperature in order to form the material and simultaneously use its effects of dynamic recrystallization, which allows elongations of several hundred percent [13,14]. The requirement for this is an equiaxed fine grain microstructure [15]. Despite the fact that the effects of superplasticity are very well known, most superplastic forming processes for titanium alloys have so far been limited to sheet metal forming. This publication presents a concept to combine conventional hot tube gas forming processes with the superplastic forming of titanium alloys. Hot tube gas forming describes the forming of heated tubes or hollow profiles with a forming pressure inside the profile bodies applied by a gaseous instead of a fluid forming medium. Figure 1 shows the principle of hot tube gas forming. Thereby, the tubes or profiles are formed into the die cavity by an inner forming pressure [16,17]. Whereas fluid-based forming media are preferably used in hydroforming, the use of gaseous forming media is essential in hot tube gas forming and similar high-temperature applications.



Figure 2 shows the intended demonstrator geometry, which is a complex helically shaped flex tube. Manufacturing the challenging component geometry from Ti-3Al-2.5V requires the utilization of the superplastic material behavior of fine-grained titanium alloys at high temperatures and very low strain rates. Due to the component geometry, it is also clear that axial feeding is not possible. The geometry with several convolutions blocks a homogeneous material flow into all areas of the component through axial feeding.



Hot tube gas forming as a further development of conventional hydroforming has been state of the art for several years. During the last few years, one important research focus has been put on press hardening of semi-finished tube products made of boron-manganese steels [17] and the process combination of hot tube gas forming and injection molding [18]. One of the technological issues in conventional hot tube gas forming is the heating concept. In addition to the more conventional furnace heating of tubes and profiles, more innovative techniques such as inductive component or tool heating [19] or conductive component heating [20] have also been considered. These concepts focus on rapid heating and fast forming processes with less complex pressure–time curves. Temperature management during longer process times and the control of sensitive pressure–time curves are challenges in hot tube gas forming.



However, for simpler component geometries, hot tube gas forming of titanium alloys is also state of the art. Zheng et al. [21] recently summarized the development of the more general hot medium pressure forming in detail. In addition to the term hot tube gas forming, the terms hot metal gas forming [22], high pressure pneumatic forming [23,24], hot gas forming [19,25] or high pressure tube gas forming [19] have also been used in recent years for the high-temperature forming of tube components with inner forming pressure. Liu et al. investigated in [26] approaches to improve the wall thickness distribution in hot tube gas forming of TA15 and in [24] the determination of the formability of titanium tubes at elevated temperatures. Liu et al. combined these results in [19,23] and investigated the forming of titanium tube demonstrator components in [27]. Wu et al. [28] showed an adaptation of hot gas forming for tube components by heating the components only in segmented areas, thus enabling axial feeding. Wang et al. discussed in [29] and [30] the effects of dynamic recrystallization on hot deformation mechanisms during hot gas forming of titanium tubes. Lee et al. [31] showed an approach to the combination between hot tube gas forming and superplastic forming of Ti-3Al-2.5V for profile geometries.




2. Objective


The combination of hot tube gas forming with superplastic forming requires a suitable tool concept that fulfills the specifications in terms of forming temperature, accurate pressure build-up to ensure predefined strain rates and maximum forming pressure. In conventional hot tube gas forming, either the tubes and hollow profiles or the forming tools are heated to reach the necessary forming temperatures. These forming processes last only a few seconds [22], which allows the use of different heating concepts, such as induction heating, without any problems. SPF processes, however, take up to several minutes, which means that the forming temperature must be kept constant over a much longer period of time. As a result, conductive [20] as well as inductive strategies for component heating are no longer suitable. Therefore, a method for component heating, either directly or via tool heating, has to be developed. It has to be capable of reaching forming temperatures of up to 900 °C and of setting a homogeneous temperature profile across the tool surface and component geometry. This is very important because the microstructure and consequently the mechanical properties of titanium alloys are significantly influenced by temperature and the degree of deformation [32]. Besides that, it is well known that titanium alloys are strain rate-sensitive in forming processes [33,34]. Especially in the case of superplastic forming, it is important that a critical strain rate is not exceeded in order to avoid necking and cracking in the process. At the same time, the maximum strain rate should not be too low to ensure an acceptable process time. This manuscript presents an approach in developing a superplastic hot tube gas forming process with the help of numerical simulations. The simulation results provide the first data for experimental tests investigating the manufacturing of complex helically shaped flex tubes.




3. Process Design and Simulation


The SPF process design is based on simulation studies using the simulation software LS-DYNA. The tool active parts were implemented as rigid active surfaces in the form of shell meshes and an elastically and plastically deformable tube (modelled as volume elements with initial element length of 0.136 mm, which equals three elements over tube wall thickness) was expanded in the cavity under an internal forming pressure. According to the investigations of Paul et al. [35] regarding hot tube gas forming processes, a static friction coefficient of µS = 0.35 was assumed initially between the active surfaces and the tube for first simulation studies. The heating of the tube was not considered within the simulation. Instead, an ideally isothermal state at a process temperature of 900 °C was assumed.



Since the use of seamless drawn tubes with an outer diameter of 6.4 mm and a wall thickness of 0.41 mm was intended, the semi-finished product was considered as a homogeneous continuum in the simulation model. Based on the literature data of Salam et al. [15,36], an elastic-plastic material model, which is common for hydroforming and hot tube gas forming processes, for an isothermal forming process of Ti-3Al-2.5V for the target temperature of 900 °C was derived. To model the elastic-plastic material behavior for Ti-3Al-2.5V, an isothermal material model was derived for the target temperature of 900 °C based on existing literature data. The reason for this is that it is not possible to determine the material properties of this small tube material experimentally using standardized test processes such as hot tensile tests, for example. Extended test procedures, such as hot tube bulge tests or hot tensile tests on the entire tube cross section, could provide a more precise data basis for the material behavior in the future, but were not pursued in the context of the present work. Due to the necessary assumption of a material flow behavior based on the existing literature, the simulation results are to be questioned critically and can only provide a first indication of the properties of the forming process and possible process limits.



Within the modeling of the flow properties of the material, the consideration of the strain rate dependency of the flow stresses is crucial to represent superplastic forming conditions. Based on the investigations of Salam et al. [15,36], the initial flow stresses for Ti-3Al-2.5V at different strain rates for 880 and 910 °C in a strain rate range of 8 × 10−5 s−1 to 3 × 10−3 s−1 were extrapolated up to 1 × 10−5 s−1 and 1 × 10−2 s−1, to provide a wider range of strain rates within the material model. Subsequently, linear interpolation between 880 and 910 °C to the 900 °C target temperature was performed along discrete interpolation points. Figure 3 shows the increase in the initial yield stress with an increasing strain rate in the considered strain rate range. Consequently, the strain rate sensitivity index m increases up to 8 × 10−4 s−1 and decreases with higher strain rates. This determines the strain rate range for superplastic forming.



On the basis of the investigations of Nazzal et al. [37] and Kim et al. [38] on the strain rate behavior of Ti-6Al-4V, it can be assumed, that from a strain rate of 1 × 10−2 s−1 onwards, the strain rate sensitivity index m will decrease further, which is equivalent to only a slight increase in the yield stress as the strain rate increases. Forming in these higher strain rate ranges leads to early material localization or necking and thus to component failure. For this reason, the pressure–time curve for the respective forming process has to be adjusted in such way that a critical strain rate level is not exceeded in order to ensure superplastic behavior. Therefore, according to the summarized results in Figure 3, a value of 2 × 10−3 s−1 is initially assumed as the maximum allowable strain rate. This makes sure that the occurring strain rates are safely in the SPF process window and at the same time, it ensures acceptable process times. The derived strain rate sensitivity of the initial yield stress from Figure 3 was stored in the material model in tabular form using discrete flow curve datasets. In addition, the dependence of the yield stress on the degree of forming was determined according to the results of Alabort et al. [39], who investigated the change in flow stress with an increasing degree of forming for the titanium alloy for Ti-6Al-4V. However, based on the existing literature data, it can be expected that the flow curve shows only very little hardening potential at a temperature of 900 °C.



Figure 4 summarizes the results of the final simulation of the optimized time-dependent forming pressure curve, which ensured an adherence of the set maximum strain rate. Figure 4a shows the developed time-dependent forming pressure curve and several forming stages over time. Figure 4b illustrates the resulting maximum strain rate over time of the whole part together with the defined strain rate limit. Figure 4c summarizes the development of the effective plastic strain of three exemplary elements in critical forming areas. Within several simulation studies, the pressure curve was adjusted manually in several iterations until the maximum strain rate level over time approached the specified strain rate maximum of 2 × 10−3 s−1. Figure 4a shows the developed forming process in which an internal pressure of up to 20 MPa is set over 880 s. It becomes clear that at the beginning of the forming process, a fast pressure build-up is tolerable to overcome the yield point first. In fact, Figure 4b shows that it is evident that there is still optimization potential for the first 300 s of the process, since the maximum strain rate level is below the specified strain rate limit. Therefore, the process could run faster in this section by setting a steeper internal pressure-time curve. However, as an initial solution for feasibility studies, this internal pressure–time curve has been evaluated as sufficient.



In the time window between 300 and 690 s, the internal pressure increases linearly from 5.8 to about 7.3 MPa, leading to slight deviations from the defined critical strain rate. From 690 s onwards, the internal pressure and strain rate increase significantly again. The strain rate in some cases is well above the set maximum strain rate of 2 × 10−3 s−1. However, based on the results shown in Figure 4c and in consideration that the defined strain rate limit is within a certain safety range, this was evaluated as still not critical. In Figure 4c, an examination of the strain curve over time of three exemplary elements in critical forming areas of the component also demonstrates that the majority of the forming process has already taken place after about 800 s and at an internal pressure of 8.3 MPa. A further pressure build-up serves to calibrate the component. Component failure due to a too high strain rate can be excluded from this point on. Element A in the outer convolution shows a steady growth of the effective plastic strain over time since the forming process is characterized by free forming in this area. Element B in the transition area shows a flat increase in the effective plastic strain until about 450 s. From this moment on, the curve rises steeply due to the decreasing free arc length available for forming. The material flow is based on this free arc length only. Element C represents the least critical forming areas with the lowest effective plastic strain. Figure 4c also illustrates the two process phases characteristic for hot tube gas forming processes, forming and calibrating. Up to about 800 s and an internal pressure of about 8.3 MPa, most of the component forming takes place. From this point on, the geometry is only calibrated, and a significant deformation of the component is no longer detectable. This means that, according to the numerical results, a forming pressure above 8 MPa is not necessary for manufacturing the part.



In order to obtain deeper understanding of the forming history of the part, Figure 5 illustrates representative deformation states over time. It becomes clear how the material slowly aligns to the die contour over the process time, with the outer convolution being the last region to be formed. Due to the earlier contact of the material at the transition areas, maximum thinning occurs in these regions, too. After 850 s and an internal pressure of 11 MPa, the process simulation is finished and the component is fully calibrated. In the area of the outer convolution, the wall thickness is reduced to 0.214 mm, which corresponds to a wall thinning of 48%. The adjustment of a more homogeneous wall thickness profile is limited by the part geometry, since the early contact of the material with the tool contour reduces further material flow.




4. Tool Concept


Figure 6 shows the developed forming tool. The strain rate-optimized forming process and the process parameters derived from it served as a basis for the design of the forming tool.



It has to be possible to set a constant forming temperature of over 900 °C, which has to be homogeneous over the tool surface. In addition, forming pressures of up to 15 MPa and very slow pressure build-up rates are indispensable. Due to the atmospheric sensitivity of titanium and its alloys, argon gas was used as a forming medium. Four heating elements are integrated in each of the high-temperature-resistant active parts of the forming tool, which can heat the tool up to 950 °C. The die is insulated and thermally decoupled both from the outside and in the closing direction of the press. The axial sealing punches seal the tube and induce the argon gas. The pressure intensifier unit can be used to set a maximum internal pressure of 15 MPa with a control accuracy of 0.01 to 2 MPa and 0.05 from 2 MPa. A supply tract for argon feeding is also integrated in the lower part of the tool to reduce the oxygen content in the closed and sealed tool. The argon gas flows directly into the tool cavity.




5. Results


Figure 7 shows the comparison of the numerically determined process diagram and the actual process. The semi-finished tube products are inserted at room temperature into the tool, which has already been heated to the temperature of 905 °C. The temperature of the tool is recorded with an integrated sensor near the tool surface. Separate temperature measurements on the surface confirmed the target temperature of 900 °C. After the closing of the tool, a defined homogenization and recrystallization time of 600 s begins in order to bring both the tool and component temperature to the forming temperature and to recrystallize the material that has been hardened during the production of the tubes. After 600 s, the actual superplastic hot tube gas forming process begins. The initial tests with the simulated pressure–time curve showed that the pipes burst if the internal pressure exceeds 6.7 MPa. Hence, the pressure–time curve was adjusted, as shown in Figure 7. During the first 100 s, the pressure–time curve is exactly the same as in the simulation. However, instead of a further linear increase in the internal pressure after about 200 s after the recrystallization, as assumed in the simulation, the pressure curve turns into a plateau-like curve at a constant internal pressure of 6.7 MPa. This modification of the pressure–time curve prevents early bursting of the tubes. The slightly higher internal pressure between about 100 and 350 s was proved to be uncritical since the resulting strain rate of the simulated pressure curve has been significantly under the maximum strain rate at this stage of the process, as can be seen in Figure 4b. The temporally higher internal pressure in the experiments results in a marginally higher strain rate only. Furthermore, it became clear that the tubes are already completely formed after a total process time of 630 s, which is an indicator for a much faster forming process than originally simulated. This suggests that the actual strain rate during the process is significantly higher than expected. The application of the simulated pressure curve in the experiment leads to a much faster forming compared to the numerical prediction. Thus, the stress level of the material model in the simulation seems to be too high in comparison to the experimental behavior, so that a specific pressure level in the simulation leads to a slower forming in comparison to the experiment. A continuation of the process beyond the time of 630 s and beyond an internal pressure of 6.7 MPa was not performed.



Figure 8 shows that the forming process is much faster than numerically predicted. It compares the real part, which was exemplarily removed from the process after 180 s, with the results of the process simulation after 180 s. The real part is significantly more shaped than it is within the simulation.



Potential reasons for this deviation are diverse and can be divided into material and process related influences. For example, the strain rate-dependent material model used for the simulation is only an assumption, which can deviate from the actual material properties of pilgered tubes. It can be assumed that the yield stress level set in the material model is higher than in the actual material condition. Assuming the same forming pressures, lower actual yield stress results in an earlier starting forming process. Moreover, the forming process progresses faster than assumed. Furthermore, there are also some influencing variables in the die affecting the forming process. The set static friction coefficient of µS = 0.35 is an assumption which is also used for similar isothermal forming processes. However, the actual coefficient of friction can vary as the tubes are coated with boron nitride as a release agent before the process. Residues of the release agent as well as an uneven removal of the release agent from the component during the forming process can lead to inhomogeneous coefficients of friction depending on the respective forming stage. Furthermore, already small inaccuracies in the process parameters could lead to short-term strain peaks.



Figure 9 shows the extent to which the faster forming process affects the thinning of the wall in the final state of both experiment (a) and simulation (b). Here, the wall thickness distribution in a longitudinal section of a real component (a) is compared to the corresponding simulation result (b). The measuring points are located in the area of the inner convolution, the transition areas and in the area of the outer convolution. Considering the real component, it becomes clear that the wall thickness in the area of the inner convolution, where no forming takes place, is equal to the initial wall thickness, which shows that no material has flowed into the adjacent areas. In the simulation, however, a material flow into the adjacent transition areas leads to a reduction in the wall thickness in the inner convolution to about 0.3 mm. A comparison of the transition areas of the real component with 0.212 to 0.226 mm remaining wall thickness and the simulation shows that the simulation predicts a lower remaining thickness of 0.188 mm. This can be explained by the fact that the wall thickness in the transition areas decreases due to material flow into the area of the outer convolution. In the real component, it is clear that this material flow into the outer convolution is significantly lower, which can be due to strain rate effects or changed friction conditions.




6. Summary and Conclusions


The presented results demonstrate the feasibility of manufacturing helical flex tubes from Ti-3Al-2.5V by superplastic hot tube gas forming. The developed method as well as the developed die concept can also be transferred to other superplastically formable titanium alloys. Extensive simulation studies were carried out to derive a process window that ensured that the strain rates that occur when applying a forming pressure did not exceed a defined strain rate limit. This approach allows the exploitation of strain rate effects of the material. A comparison of the simulation results with the outcomes from the forming tests showed that the real process was faster than simulated. However, the numerical results show a sufficiently good agreement with the manufactured parts. One of the reasons for the deviating experimental results is the used material model for simulation, which does not reflect the exact material condition of the used semi-finished tube products. The determination of material properties for tubes and hollow profiles is a well-known problem in hot tube gas forming [40,41]. The characterization of the high-temperature material properties of thin-walled tubes with small diameters is one of the forthcoming main areas of research. In summary, this study shows the high potential of superplastic hot tube gas forming of titanium alloys for the manufacturing of helical flex tubes and bellows.
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Figure 1. Schematic visualization of principle of hot tube gas forming. 
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Figure 2. Design of helically shaped demonstrator part. 
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Figure 3. Flow stress-strain rate diagram for Ti-3Al-2.5V according to [15,36] and derived values for the 900 °C forming temperature. 
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Figure 4. Results of the simulation study: (a) forming pressure–time diagram, (b) strain rate–time diagram, (c) effective plastic strain–time diagram. 
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Figure 5. Longitudinal view of several stages of the part geometry during the forming process. 






Figure 5. Longitudinal view of several stages of the part geometry during the forming process.



[image: Metals 10 01150 g005]







[image: Metals 10 01150 g006 550] 





Figure 6. Basic tool setup with implemented high temperature forming die for superplastic hot tube gas forming processes. Frontal view (left) and sectional view (right). 
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Figure 7. Comparison between the simulated pressure–time curve and actual pressure–time curve determined within the experiments. 
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Figure 8. Comparison between the actual forming state of the experiments (left) with the forming stage of the simulation after 780 s (right). 
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Figure 9. Comparison between actual wall thinning (a) and simulated wall thinning (b) in the longitudinal section. 
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