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Abstract

:

This paper presents the effect of temperature and strain rate on the superplastic deformation behavior of Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al, and Ti-1.8%Mn-2.5%Al alloys, which have different initial microstructures. The microstructure, before and after superplastic deformation in the deformation regimes that provided the maximum elongation, was analyzed. The deformation regimes, corresponding to the minimum strain hardening/softening effect, provided a higher elongation to failure due to their low tendency toward dynamic grain growth. As the values of stress became steady (σs), the elongation to failure and strain-hardening coefficient were analyzed under various temperature–strain rate deformation regimes. The analysis of variance of these values was performed to determine the most influential control parameter. The results showed that the strain rate was a more significant parameter than the temperature, with respect to the σs, for the investigated alloys. The most influential parameter, with both the elongation to failure and strain-hardening coefficient, was the temperature of the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys and the strain rate of the Ti-4%V-6%Al alloy.
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1. Introduction


Titanium alloys are widely utilized in aerospace applications due to their exceptional mechanical and physical properties [1,2,3,4]. Generally, titanium alloys exhibit a high level of strength and excellent oxidation and corrosion resistance at high operating temperatures [5,6,7,8,9]. The high flow stress and high sensitivity to deformation process parameters (temperature (Td), and strain rate (ε˙)) at elevated temperatures make titanium difficult to deform, compared with other metallic materials. Many studies have investigated the deformation behavior of Ti-based alloys to carry out the processing parameters of hot and superplastic forming [10,11,12,13,14], studying superplastic deformation mechanisms [15,16] and constructing constitutive models of superplastic deformation behavior [17,18,19,20].



Superplastic forming (SPF) of titanium alloys is a perspective technology that is widely utilized for complex shape aerospace components [21,22,23,24]. The ability to produce more detailed shape parts is among the significant advantages of the SPF method, which is appropriate for Ti alloys because of their poor formability [25,26,27,28]. Strain rate (ε˙) and deformation temperature are considered to be the main processing parameters that affect the flow behavior at elevated temperatures, i.e., (Td). Many combinations of these parameters make the problem even more complicated. Additionally, the superplastic flow is very sensitive to the microstructure parameters, such as grain size and phase fraction [29,30,31].



Extensive research has been carried out on the superplastic deformation of titanium alloys, although there are insufficient available data related to the investigation of the deformation temperature (Td) and strain rate (ε˙) effects on the flow behavior of titanium alloys at elevated temperatures using the analysis of variance technique, for example, the Taguchi method [32,33,34,35,36,37]. Babu et al. [38] studied the effect of Td and ε˙ and on the hot deformation behavior of Ti-4%V-6%Al using the Taguchi Method. He found that ε˙ was a more influential factor than Td. Many more studies would be required to demonstrate which deformation parameter strongly affects the superplastic deformation of different titanium alloys. This would aid in the understanding of which parameter should be more strongly controlled during the superplastic forming process of various alloys.



Stress vs. temperature and strain rate behavior is considered an excellent design of the hot deformation process of metallic materials. The determination of the relationship between the flow stress behavior at elevated temperatures and deformation parameters is important. In addition, it is required for the enhancement of hot forming conditions, with the purpose of obtaining the desired microstructure and resultant mechanical properties. Therefore, the main purpose of this study is to investigate the effect of the deformation temperature and strain rate on the superplastic deformation behavior of different Ti-based alloys: Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al, and Ti-1.8%Mn-2.5%Al. In addition, this study aims to determine which processing parameter significantly affects the deformation process. The investigated alloys were selected due to their differences in microstructure parameters and superplastic deformation behavior. There are insufficient published data about the forming regimes of Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys, and they are therefore narrowly involved in the industry, compared with the Ti-4%V-6%Al alloy. Thus, this study provides more useful information about the forming regimes of these alloys.



The factorial design of the experiment (DOE) and the analysis of variance (ANOVA) techniques were carried out to determine the optimum combination of processing parameters (strain rate (ε˙) and deformation temperature (Td)) to achieve the appropriate forming mode for the studied titanium alloys.




2. Materials and Test Experiments


Sheets of Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys were investigated. The microstructure of pre-processed sheets, after 30 min annealing and deformation, was studied. The annealing and deformation tests were performed in an argon atmosphere to eliminate oxidation. The tests, which involved decreasing the strain rate step-by-step, were performed to determine the strain rate range of the superplasticity of all studied alloys, with a temperature range of α+β field. The testing temperature range was chosen in accordance with previous studies [39,40]. The uniaxial constant strain rate tensile tests and step-by-step increasing in the strain rate tests were conducted using a Walter-Bay LFM100 test machine (Walter + Bai AG, Löhningen, Switzerland). The range of the chosen testing parameters and the dimensions of the “dog-bone” type samples, which were cut parallel to the rolling direction, are shown in Figure 1 and Table 1.



The results of the tensile tests were used for the design of the experiment (DOE) using an analysis of variance to determine the most influential control parameter on the superplastic deformation behavior of the investigated alloys.



The samples for the microstructure study were prepared using the standard mechanical grinding and polishing procedure and subsequent etching in Kroll’s solution. The microstructure was analyzed using a scanning electron microscope (SEM) Tescan-VEGA LMH TESCAN Brno, s.r.o., (Kohoutovice, Czech Republic). The linear intercept method was used to measure the mean grain size of the α and β phases.




3. Results and Discussion


3.1. Microstructure of As-Proceeded Sheets


The Ti-3%Mo-1%V-4%Al and Ti-4%V-6%Al alloys belong to the (α+β) group of Ti-based alloys, and Ti-1.8%Mn-2.5%Al alloy is a near-α alloy. Thus, a two-phase initial structure of α (dark) and β (bright) is observed in all studied alloys (Figure 2). The β-phase volume fraction is 32% for the Ti-3%Mo-1%V-4%Al alloy (Figure 2a); for the Ti-4%V-6%Al alloy, the β-phase percentage is 20% (Figure 2b); and, for the Ti-1.8%Mn-2.5%Al alloy, the β-phase percentage is 9% (Figure 2c).




3.2. Tensile Test Results


The result of the tensile tests at various temperatures and strain rates for the investigated alloys is shown in Figure 3. Typical for superplastic behavior, a sigmoidal shape of the stress–strain rate curves was observed in the studied temperature range (Figure 3a–c). Values of the constant strain rate tests (Figure 3d–i) were chosen in the II range of the stress–strain rate curves. These strain rates belonged to the strain rate sensitivity index-m, above 0.3 (dash lines in Figure 3a–c), and corresponded to the superplastic behavior of the alloys (Figure 3a–c).



The experimental stress–strain curves at various strain rates and at various temperatures, within a strain rate–temperature range of superplastic deformation for each alloy are shown in Figure 3d-i. The steady stage begins at a strain of around 0.1 in all testing conditions. The studied alloys exhibit different stress–strain behavior. The Ti-3%Mo-1%V-4%Al alloy demonstrates stress softening, up to 1.1 of strain and strain hardening, at a strain of more than 1.1, for the low strain rates (Figure 3d,g). By contrast, the deformation of Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys is mainly accompanied by strain hardening (Figure 3e,f,h,i). The stress value is mainly affected by a strain-induced microstructure evolution, because we used the constant strain rate tests. Thus, strain softening can be a result of dynamic recrystallization, and strain hardening can be explained by dynamic grain growth. The similar flow behavior and the dynamic grain growth were observed in the Ti-4%V-6%Al [37,38] and Ti-1.8%Mn-2.5%Al alloys [39]. Strain hardening, in the large strains of Ti-Al-Mo-V, could also be the result of dynamic grain growth.



The values of the σs (Figure 4a–c), elongation to failure (Figure 4d–f) and strain hardening coefficient (Figure 4g–i) at the various temperatures and strain rates for the studied alloys are shown in Figure 4. Typically, an increase of the σs value was observed as the strain rate increased and the temperature decreased (Figure 4a–c). The maximum elongation, corresponding to the red zones in (Figure 4d–f), was achieved at different temperature–strain rate ranges for studied alloys (Figure 4d–f). The strain-hardening coefficient depended on both deformation temperature and strain rate and effected to the elongation to failure. The strain-hardening coefficient, in a range of −0.2 to 0.2, corresponded to a high elongation to failure (Figure 4g–i). It can be suggested that an insignificant strain hardening/softening effect and high elongation are the result of the high stability of the grain structure in deformation.



It is known that superplastic deformation depends on microstructure parameters and their strain-induced evolution [38,41]. The α/β phase ratio and the grain size of each phase are the most important microstructure parameters. The microstructure of the investigated alloys, after both annealing for 30 min and straining of 1.1, at the strain rate–temperature mode corresponding to the maximum elongation for each material, is shown in Figure 5.



Annealing for 30 min at 875 °C provided a partially globularized grain structure, with a β-phase fraction of 55% and mean grain size of Lβ = 2.0 ± 0.1 μm in the recrystallized volume of the Ti-3%Mo-1%V-4%Al alloy (Figure 5a). The equiaxed recrystallized grains, with a size of Lα = 2.3 ± 0.09 μm and Lβ = 2.5 ± 0.1 μm, were formed after 1.1 straining at 875 °C and 1 × 10−3 s−1 (Figure 5d). Thus, a dynamic recrystallization/globularization occurred, with a strain increase of 0.8–1.1, which led to insignificant strain softening, with an average coefficient of n = −0.16. The insignificant grain growth provided a high elongation of 800% in the Ti-4%Al-1%V-3Mo alloy at 875 °C and 1 × 10−3 s−1 (Figure 4d).



Annealing for 30 min at 825 °C led to the formation of a recrystallized structure of both phases, with a β-phase percentage of 40% and grain size of Lβ = 2.9 ± 0.1 μm in the Ti-4%V-6%Al alloy (Figure 5b). Additionally, the mean grain size insignificantly increased after straining of 1.1 at 825 °C and 1 × 10−3 s−1 (Figure 5b,e), which provided a maximum elongation of 620% (Figure 4e). The α and β grain size after 1.1 straining increased to 3.3 ± 0.2 μm and 3.0 ± 0.15 μm, respectively. The strain hardening coefficient n was 0.1 at the strain rate and temperature mode of the maximum elongation to failure in the Ti-4%V-6%Al alloy. The insignificant strain hardening is also the result of slight dynamic grain growth (Figure 3e,h and Figure 4h).



The Ti-1.8%Mn-2.5%Al alloy exhibited 30% of the β-phase and the mean grain size of recrystallized grains of Lβ = 2.2 ± 0.1 μm, after annealing for 30 min at 840 °C (Figure 5c). At the same temperature, and a strain rate of 4 × 10−4 s−1, the elongation was at the maximum for this alloy (Figure 4f). The α and β grain size after 1.1 straining was 6.1 ± 0.2 μm and 3.8 ± 0.15 μm, respectively (Figure 5f). The strain hardening coefficient n was 0.2 at this testing condition (Figure 4i), which was the minimum value for the Ti-1.8%Mn-2.5%Al alloy. More intensive dynamic grain growth is a reason for the higher n-value and the lower elongation in Ti-1.8%Mn-2.5%Al, compared to the other investigated alloys.



The Ti-3%Mo-1%V-4%Al alloy demonstrated 800% elongation, which was the maximum value among the studied materials, and the Ti-1.8%Mn-2.5%Al alloy demonstrated 580% elongation, which was the minimum value. Such behavior can be explained by the low tendency toward dynamic grain growth in the first alloy and the high tendency toward this phenomenon in the second one. Generally, an α/β close to 50/50 provides a stable grain structure and good superplasticity in two-phase materials [29]. In the current study, the maximum elongation was observed for a wide range of β fractions, which depended on the microstructure evolution during the deformation process and alloy composition.



Ti-3%Mo-1%V-4%Al and Ti-4%V-6%Al exhibited insignificant dynamic grain growth, providing the maximum elongation at the temperature of the β-phase fraction of 55% and 40%, respectively. This is close to the temperature of the α/β = 50/50 ratio. The Ti-1.8%Mn-2.5%Al alloy demonstrated the maximum elongation at a lower β-phase fraction. The increasing temperature led to an increase of the β-phase fraction to 50% but decreased the elongation to failure in Ti-1.8%Mn-2.5%Al because of significant dynamic grain growth [39].



The deformation temperature and strain rate ranges for the investigated alloys, providing an elongation to failure larger than 400% and a stress at the start of the steady stage (σs) of less than 20 MPa, are shown in Figure 6.



To proceed to superplastic forming at a stress level of ≤20 MPa, in the studied strain rate–temperature ranges, the temperature must be above 825 °C for the Ti-3%Mo-1%V-4%Al alloy (Figure 6a), above 850 °C for the Ti-4%V-6%Al alloy (Figure 6b), and above 840 °C for the Ti-1.8%Mn-2.5%Al alloy (Figure 6c). The temperature and strain rate values, which provided both the elongation to failure ≥400% and stress level ≤20 MPa, were determined (the shaded brown regions in Figure 6d–f). Thus, the recommended temperature and strain rate ranges were ˃825 °C and ˂1 × 10−3 s−1 for the Ti-3%Mo-1%V-4%Al alloy, 850–890 °C and ˂1 × 10−3 s−1 for the Ti-4%V-6%Al alloy, and 815–860 °C and 2 × 10−4–8 × 10−4 s−1 for the Ti-2.5%Al-1.8 % Mn alloy.



The empirical expressions of the stress as the steady stage begins and the elongation to failure were established as functions of the deformation temperature (Td) and strain rate (ε˙), as listed in Table 2.



The accuracy of the developed regression models was evaluated by the correlation coefficient (R2). The (R2) for the (σs) of the Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys were 0.995, 0.998 and 0.999, respectively. The (R2) of the developed regression models for the elongation to failure of the Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys were 0.85, 0.91 and 0.97, respectively (Table 2). The high values of the (R2) confirmed the effectiveness of the developed models.




3.3. Most Influential Control Parameter Determination Using the Taguchi Method


Typically, titanium-based alloys are very sensitive to the deformation temperature due to the change in the α/β ratio and grain structure, which affect the superplastic deformation behavior [39,42]. A fine grain structure is required to activate grain boundary sliding, which is a dominant superplastic deformation mechanism for most metallic materials [41,42,43]. The elevated temperature provided the grain boundary sliding phenomenon, as well as the necessary diffusion and dislocation creeping mechanisms, which accommodated the grain boundary sliding. All superplastic deformation mechanisms affect the diffusion kinetic, and, finally, depend on the deformation temperature, strain rate and grain structure. Therefore, choosing an appropriate temperature–strain rate range of superplastic deformation is very important.



On the other hand, the temperature of superplastic deformation should be kept at the minimum as far as possible, since doing so results in power saving in the manufacturing process and die wear. However, the strain rate should be maintained at the maximum as far as possible to minimize the forming time. Therefore, the relative contribution of the hot deformation process parameters (temperature and strain rate), the stress as the steady stage begins (σs) and the elongation to failure is required to provide useful information for the producer, resulting in power and time savings in the manufacturing process.



For titanium alloys, the deformation process is considered to be superplastic deformation when the elongation is at the minimum (400%) and the required stress for deformation (20 MPa) is at the maximum (Figure 6). Thus, we needed to obtain a maximum elongation and a minimum deformation stress by choosing the best combination of the deformation temperature range and strain rate range on the basis of minimizing the deformation temperature and maximizing the deformation strain rate.



The design of the experimental (DOE) technique using the Taguchi method was performed. The Taguchi model studies the effect of the temperature and the strain rate on the σs, elongation to failure and strain-hardening/softening coefficient. The control parameter levels for each alloy are shown in Table 3. The number of the levels depended on the diapason of the possible superplastic deformation temperatures and strain rates. Thus, five levels were used for the Ti-3%Mo-1%V-4%Al alloy due to their wide superplastic temperature and strain rate ranges. The number of parameter levels was four for the Ti-4%V-6%Al alloy and three for the Ti-1.8%Mn-2.5%Al alloy, because the superplastic temperature and strain rate ranges were narrow for the Ti-1.8%Mn-2.5%Al alloy. MINITAB 16 software (Minitab Inc., State College, PA, USA) was utilized to design and analyze the experiments using the analysis of variance (ANOVA) technique procedure.



A standard experimental design, which requires a small number of experimental runs to indicate the effect of the most significant parameters on the target response, is known as orthogonal arrays (OA). The OA, according to Taguchi standard orthogonal arrays [44] for the Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys, were L25 (52), L16 (42) and L9 (32), respectively.



The signal to noise (S/N) ratio is an ideal metric for selecting the best values of the control variables. In this work, the “larger—is better” principle (Equation (1)) was considered in maximizing the elongation to failure, and the “smaller—is better” principle (Equation (2)) was used to minimize the stress at the start of the steady stage (σs) and the strain-hardening/softening effect. The S/N ratio can be computed using the following equations [45]:


SN=−log(1n∑i=1n1y2)→larger−is better



(1)






SN=−log(1n∑i=1ny2)→smaller−is better



(2)




where n is the number of the runs in a trail, and y is the response value.



The σs vs. the deformation temperature and the strain rate dependences, for the investigated alloys, are illustrated in Figure 7. The mean of the S/N ratios and the mean of means of the σs were found to give the same trend under the temperature and strain rate effects. These values decreased as the temperature increased, but increased as the strain rate increased, for all alloys. For the minimum σs value, the last temperature level (Figure 7a,c) and the first strain rate level (Figure 7b,d) were recommended for all studied alloys.



The analysis of variance (ANOVA) for the S/N ratio and the mean of the σs, for all tested alloys, are shown in Table 4 and Table 5, respectively.



The percentage of the contribution and delta values for the strain rate was more than the percentage of the contribution and delta values for the temperature, for all tested alloys (Table 4 and Table 5). Thus, the rank of the strain rate was 1, and the rank of temperature was 2. Therefore, the strain rate affected the σs more significantly than did the temperature. These results match those observed in [36].



The maximum elongation can be obtained at the minimum strain hardening/softening effect, as shown in Figure 8 for Ti-3%Mo-1%V-4%Al at 2 × 10−4 s−1 and different temperatures. Thus, the strain hardening/softening must be close to zero. The absolute values of strain softening were provided in the Taguchi model.



The effects of the temperature and strain rate on the elongation to failure and strain hardening/softening coefficient for the investigated alloys are shown in Figure 9. The mean of the S/N ratios and the mean of the elongation to failure had the same response under the temperature and strain rate effects. For the Ti-3%Mo-1%V-4%Al alloy, the elongation increased as the temperature increased, up to an optimum value of 875 °C, and then decreased again. It also exhibited the maximum elongation at strain rates up to 1 × 10−3 s−1. For the Ti-4%V-6%Al alloy, the elongation insignificantly changed in a temperature range of 825–875 °C, and it exhibited the maximum value at a strain rate of 1 × 10−3 s−1. For the titanium alloy, Ti-1.8%Mn-2.5%Al, the maximum elongation to failure was obtained at a temperature of 840 °C and a strain rate of 8 × 10−4 s−1. Maximum mean elongations were noted at a mean strain hardening coefficient in the range of −0.2 to 0.2 for all the alloys (Figure 9c).



The percentage of the contribution and the rank after the analysis of variance (ANOVA) for the S/N ratio and the means of elongation to failure, for the investigated alloys, are shown in Table 6.



The percentage of contribution and the delta value for the temperature were higher than these parameters for the strain rate of the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys (Table 6). By contrast, the percentage of contribution and the delta value for the strain rate were higher than these parameters for the temperature of the Ti-4%V-6%Al alloy (Table 6). Therefore, the temperature affected the elongation to failure more significantly than did the strain rate for the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys, and, conversely, the elongation to failure more strongly depended on the strain rate than on the temperature for the Ti-4%V-6%Al alloy.



The percentage of contribution and the rank after the analysis of variance (ANOVA) for the S/N ratio and the mean of the strain hardening/softening coefficient, for the investigated alloys, are shown in Table 7.



As can be seen in Table 7, the effects of temperature and strain rate on both the elongation to failure and strain hardening were similar. The percentage of contribution and delta value show that the deformation temperature was a more important parameter than the strain rate for the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys. Conversely, the strain hardening/softening effect more significantly depended on the strain rate than the temperature, for the Ti-4%V-6%Al alloy. The percentage of the contribution of temperature is insignificantly higher than the percentage of the contribution of strain rate, for Ti-4%V-6%Al, but, in the case of the other alloys, the difference between the percentage of the contribution of temperature and strain rate is high. Thus, the temperature has a high impact on the strain hardening/softening effect in the case of the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys.



As has been shown, the most influential parameter on the superplastic behavior was the strain rate at low strain values for the investigated alloys. Thus, the strain rate affects the stress at the start of the steady stage (σs) more greatly than does the temperature. This is possibly due to the high temperature stability of the fine grain structure, confirming the high strain rate sensitivity of the studied alloys.



It is well known that the elongation to failure in superplastic deformation is very sensitive to the strain-induced microstructure evolution [41,42,46,47,48]. For all studied alloys, the maximum elongation was obtained in the deformation regimes, providing close-to-zero values of the strain hardening coefficient. These deformation regimes also provided insignificant dynamic grain growth (Figure 5), especially for Ti-4%V-6%Al.



The temperature affected the elongation to failure more so than did the strain rate, for the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys. The possible reason for such a temperature effect is a significant microstructure change as the temperature is increased. This is in agreement with the previous study of the Ti-1.8%Mn-2.5%Al alloy [39]. However, the elongation to failure more strongly depends on the strain rate than on the temperature, for the Ti-4%V-6%Al alloy. This is possibly due to the low temperature sensitivity of the microstructure to the strain-induced changes in the studied deformation regimes.



The additional important result of the current study is the possibility to decrease the superplastic deformation temperature for all studied alloys. Thus, very good formability, with 400% of elongation and a stress value lower than 20 MPa, was observed at a temperature of 825 °C and strain rate of 2 × 10−4 s−1, for the Ti-3%Mo-1%V-4%Al alloy, of 850 °C and 3 × 10−4 s−1, for the Ti-4%V-6%Al alloy, and 815°C and 4 × 10-4 s−1, for the Ti-1.8%Mn-2.5%Al alloy.





4. Conclusions


Based on the current investigation, our conclusions are as follows:



The recommended temperature and strain rate ranges, for providing an elongation to failure of ≥400% and stress of ≤20 MPa, were determined for the studied alloys. For the Ti-3%Mo-1%V-4%Al alloy, the temperature and strain rate ranges were ˃825 °C and ˂1 × 10−3 s−1; for the Ti-4%V-6%Al alloy, they were 850–890 °C and ˂1 × 10−3 s−1; and for Ti-1.8%Mn-2.5%Al alloy, they were 815–860 °C and 2 × 10−4–8 × 10−4 s−1. According to the tensile tests, the optimum superplastic temperature and strain rate, which provided the maximum elongation, are 875 °C and 3 × 10−3 s−1 for the Ti-3%Mo-1%V-4%Al alloy; 850 °C and 1 × 10−3 s−1, for the Ti-4%V-6%Al alloy; and 840 °C and 4 × 10−4 s−1, for the Ti-1.8%Mn-2.5%Al alloy.



The maximum elongations to failure were observed at a temperature when the β phase fraction was in a range of 25–55% and the grain size was approximately 2–3 µm in the studied alloys. The Ti-3%Mo-1%V-4%Al alloy required 50% of the β-phase to provide the maximum elongation to failure. Conversely, the Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al alloys demonstrated the maximum elongation at a lower β-phase fraction of 25% and 35%, respectively. Increasing temperature led to an increase of the β-phase fraction to 50% but decreased the elongation to failure in both alloys.



The correlation coefficients of the developed regression models, for both the stress as the steady stage begins (σs) and the elongation to failure of the titanium alloys (Ti-3%Mo-1%V-4%Al, Ti-4%V-6%Al and Ti-1.8%Mn-2.5%Al), confirm the effectiveness of the developed empirical models.



The Taguchi method found that the strain rate has a higher statistical and physical significance than does the temperature on the stress as the steady stage begins (σs) for the investigated alloys. The temperature affects the elongation to failure more so than does the strain rate for the Ti-3%Mo-1%V-4%Al and Ti-1.8%Mn-2.5%Al alloys. However, the elongation to failure more strongly depends on the strain rate than does the temperature for the Ti-4%V-6%Al alloy.
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Figure 1. The superplastic tensile specimen dimensions. (c = d). 
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Figure 2. Initial microstructure of the investigated alloys: Ti-3%Mo-1%V-4%Al alloy (a); Ti-4%V-6%Al alloy (b); and Ti-1.8%Mn-2.5%Al alloy (c). 
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Figure 3. The results of the tensile tests of the tested alloys at various temperatures and strain rates: Ti-3%Mo-1%V-4%Al alloy (a,d,g); Ti-4%V-6%Al alloy (b,e,h); and Ti-1.8%Mn-2.5%Al alloy (c,f,i). 
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Figure 4. Dependence of the σs (a–c); elongation to failure (d–f); and strain hardening/softening coefficient (g–i) on temperature and strain rate for the tested alloys: Ti-3%Mo-1%V-4%Al alloy (a,d,g); Ti-4%V-6%Al alloy (b,e,h); and Ti-1.8%Mn-2.5%Al alloy (c,f,i). 
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Figure 5. Microstructure of the investigated alloys, after annealing for 30 min (a–c) and straining of 1.1 in the testing conditions of maximum elongation to failure (d–f) for the tested alloys: Ti-3%Mo-1%V-4%Al alloy (a,d); Ti-4%V-6%Al alloy (b,e); and Ti-1.8%Mn-2.5%Al alloy (c,f). 
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Figure 6. Stress at the start of the steady stage (σs) and elongation to failure dependence on both the deformation temperature and strain rate for the tested alloys: Ti-3%Mo-1%V-4%Al alloy (a,d); Ti-4%V-6%Al alloy (b,e); and Ti-1.8%Mn-2.5%Alalloy (c,f). 
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Figure 7. Dependence of the σs on the temperature and strain rate for the investigated alloys: (a,b) Means of S/N ratios; and (c,d) mean of means. 
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Figure 8. The dependence of strain hardening/softening on stress and strain for Ti-3%Mo-1%V-4%Al at 2 × 10−4 s−1 and different temperatures. 
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Figure 9. Elongation to failure vs temperature and strain rate dependence for the studied alloys: means of the S/N ratios (a,b); and the mean of means (c,d). 
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Table 1. Range of testing parameters and superplastic tensile specimen dimensions, mm.
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	Alloy
	Ti-3%Mo-1%V-4%Al
	Ti-4%V-6%Al
	Ti-1.8%Mn-2.5%Al





	Testing Temperature Range, °C
	750–900
	800–900
	840–890



	Testing Strain Rate Range, s−1
	2 × 10−4–5 × 10−3
	3 × 10−4–3 × 10−3
	2 × 10−4–8 × 10−4



	A
	16
	14
	17



	R
	6
	6
	6



	B
	1.25
	1
	1.55



	c/d
	14
	14
	14
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Table 2. Empirical expressions of the σs and elongation to failure. (Td is the deformation temperature (°C), and ε˙ is the strain rate (s−1)).
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Ti-3%Mo-1%V-4%Al

	
σs

	
=−8085.6+207×105Td−32ln(ε˙)−1.85×1010Td2−13.78(ln(ε˙))2−147495ln(ε˙)Td+5.8×1012Td3−0.088 (ln(ε˙))3+12026(ln(ε˙))2Td+1.7×108ln(ε˙)Td2

	
R2 = 0.99




	
%

	
=564010−1897Td+18110.8 ln(ε˙)+2.16Td2+578.15(ln(ε˙))2−32.8Tln(ε˙)−8×10−4Td3+32(ln(ε˙))3+0.096Td(ln(ε˙))2+0.0196Td2ln(ε˙)

	
R2 = 0.85




	
Ti-4%V-6%Al

	
σs

	
=−48669+1.26×108Td+107.8 ln(ε˙)−1.09×1011Td2−30.3(ln(ε˙))2−592713ln(ε˙)Td+3.223×1013Td3−1.6 (ln(ε˙))3+1579.7(ln(ε˙))2Td+3.248×108ln(ε˙)Td2

	
R2 = 0.99




	
%

	
=249694−89.68Td+1664.8 ln(ε˙)+0.9872Td2−899.73(ln(ε˙))2−20.9Tdln(ε˙)−3.6×10−4Td3−39.5(ln(ε˙))3−0.056Td(ln(ε˙))2+0.0112Td2ln(ε˙)

	
R2 = 0.91




	
Ti-1.8%Mn-2.5%Al

	
σs

	
=9.015−0.021Td+1.2×10−5Td2−3.2×10−3 ln(ε˙)1−2×10−3Td+1.182×10−6Td2+0.0424 ln(ε˙)+2.9×10−3(ln(ε˙))2

	
R2 = 0.99




	
%

	
=385.9−113.98 ln(Td)+8.415(ln(Td))2−4.3×10−3 ln(ε˙)1−0.295ln(Td)+0.0218(ln(Td))2−9.15×10−6 ln(ε˙)

	
R2 = 0.97
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Table 3. Input levels of the investigated alloys.
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Alloy

	
Parameter

	
Levels




	
1

	
2

	
3

	
4

	
5






	
Ti-3%Mo-1%V-4%Al

	
Td [°C]

	
800

	
825

	
850

	
875

	
900




	
ε˙ [s−1] × 10−4

	
2

	
6

	
10

	
20

	
50




	
Ti-4%V-6%Al

	
Td [°C]

	
825

	
850

	
875

	
900

	
-




	
ε˙ [s−1] × 10−4

	
3

	
6

	
10

	
30

	
-




	
Ti-1.8%Mn-2.5%Al

	
Td [°C]

	
840

	
865

	
890

	
-

	
-




	
ε˙ [s−1] × 10−4

	
2

	
4

	
8

	
-

	
-
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Table 4. Analysis of variance for the S/N ratios of the σs.






Table 4. Analysis of variance for the S/N ratios of the σs.





	
Alloy

	
Parameter

	
D.F.

	
Seq SS

	
Adj SS

	
Adj MS

	
F

	
P

	
Pc (%)

	
Delta

	
Rank






	
Ti-3%Mo-1%V-4%Al

	
Temperature

	
4

	
258.35

	
258.35

	
64.59

	
355.46

	
0.00

	
43.82

	
9

	
2




	
Strain rate

	
4

	
331.25

	
331.25

	
82.81

	
455.75

	
0.00

	
56.18

	
10.61

	
1 *




	
Error

	
16

	
2.91

	
2.91

	
0.18

	
-

	
-

	
-

	
-

	
-




	
Total

	
24

	
592.51

	
-

	
-

	
811.21

	
-

	
100%

	
-

	
-




	
Ti-4%V-6%Al

	
Temperature

	
3

	
174.68

	
174.68

	
58.23

	
166.24

	
0.00

	
40.99

	
9.00

	
2




	
Strain rate

	
3

	
251.49

	
251.49

	
83.83

	
239.33

	
0.00

	
59.01

	
10.61

	
1 *




	
Error

	
9

	
3.15

	
3.15

	
0.35

	
-

	
-

	
-

	
-

	
-




	
Total

	
15

	
429.32

	
-

	
-

	
405.57

	

	
100%

	
-

	
-




	
Ti-1.8%Mn-2.5%Al

	
Temperature

	
2

	
47.68

	
47.68

	
23.84

	
16.53

	
0.012

	
32.57

	
5.63

	
2




	
Strain rate

	
2

	
98.73

	
98.73

	
49.37

	
34.23

	
0.003

	
67.43

	
7.79

	
1 *




	
Error

	
4

	
5.77

	
5.77

	
1.44

	
-

	
-

	
-

	
-

	
-




	
Total

	
8

	
152

	
-

	
-

	
50.76

	
-

	
100%

	
-

	
-








D.F., freedom degrees; SS, sum of squares; MS, mean square; F, F-test; P, Statistical significance; Pc, percentage of contribution; Delta, maximum–minimum variance; and * optimum value.
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