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Abstract:



This study investigated the hot deformation behavior of Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy through isothermal compression tests at temperatures from 780 to 930 °C with strain rates ranging from 0.001 to 1 s−1. The flow stress decreases with a decreased strain rate and an increased temperature. A constitutive equation was established for this alloy and the dependence of activation energy on temperature and strain rate is discussed. We further proposed a processing map using the dynamic materials model. On the processing map various domains of flow stability and flow instability can be identified. The deformation mechanisms associated with flow stability regions are mainly dynamic recrystallization (DRX) and dynamic recovery (DRV). The flow instability is manifested in the form of the band of flow localizations. The optimum processing conditions are suggested such that the temperature range is from 780 to 880 °C and the strain rate ranges from 0.001 to 0.01 s−1.
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1. Introduction


Over the past few decades, many industries have witnessed significantly increasing applications of titanium alloys including in the aerospace, automotive, medical, sports and consumer goods industries [1,2,3]. Among these titanium materials, beta alloys have been receiving intense interest in aerospace sector due to their high yield strength, good ductility, good fatigue and crack resistances [4,5]. For example, the first commercial β Ti alloy, Ti-13V-11Cr-3A1 was used in the Lockheed SR-71 ’Blackbird’ reconnaissance airplane. Another β Ti alloy Ti-1023 (composition: Ti-10V-2Fe-3Al in wt. %) has also been used in landing gear in Boeing 777 [6]. It is well known that hot working is a critical processing route in the manufacture of β titanium products [7,8]. However, it is also noted that, these alloys are sensitive to the processing conditions such that subtle variations in either temperature or strain rate would result in a significant change in the alloys’ properties. The selection of proper hot working parameters is complex for β titanium in comparison to other structural materials such as aluminum and steel [9]. Additionally, the near-beta forging is also widely used for titanium alloys because excellent properties can be obtained [10,11]. Hence, it is crucial to gain a thorough understanding of how the processing variables affect the deformation characteristics of the β or near β Ti alloys in order to optimize the processing parameters and microstructures.



High temperature compression tests are a common technique to investigate the microstructural evolution of a work-piece via thermo-mechanical treatments [12,13]. Very recently, Zhao et al. [14] investigated the hot deformation behavior of a metastable Ti-1023 Ti alloy. Their experimental results matched well with a constitutive model based on dislocation density theory and dynamic recrystallization kinetics. Another metastable β Ti alloy Ti-1300 has also been extensively investigated. For example, Zhao et al. [15] constructed a processing map and identified two stable deformation regions that are considered suitable for hot processing. Li et al. [16] studied a powder metallurgical titanium aluminide Ti-45Al-7Nb-0.3W (at. %) and correlated the deformation mechanisms with the so-called Zener-Holloman or Z parameter.



In the past years, processing maps have become a standard graphic tool for optimizing materials workability and/or analyzing practical problems for a wide range of materials including metals, composites and intermetallics. In particular, optimal hot workability temperature range and strain rate range can be readily read off on its specific processing map. For instance, the optimal hot processing conditions for a cast TC21 titanium alloy was found to be at temperatures of 1000 to 1150 °C and with strain rates of 0.01 to 0.5 s−1 through the establishment of the processing map [17]. Li et al. [18] also identified a suitable temperature range (from 770 to 850 °C) and strain rate range (from 0.01 to 0.1 s−1) through construction of the processing map for TC17 alloy. In another study, Liu et al. [19] suggested a temperature window of 300 to 350°C and a strain rate range of 0.001 to 0.1 s−1 for Mg-3Zn-0.8Zr/1HA composite.



The model material in this study, Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy, is a newly developed near βtitanium alloy for aerospace applications. Few studies are available for this alloy, particularly in relation to the hot deformation behavior. Hence, this work intends to characterizes its high temperature deformation behavior and establish a processing map for this particular alloy. This study will provide scientific evidence and contribute to the full implementation of the alloy in aerospace applications.




2. Materials and Methods


The samples for thermos-mechanical testing were obtained from a cast Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr ingot, which was melted in an induction skull melting furnace. The chemical compositions are listed in Table 1. The β transus of this alloy was estimated to be 800 °C, measured by a metallographic method.



Table 1. Nominal and actual chemical compositions.







	
Element

	
Al

	
Sn

	
Zr

	
Mo

	
V

	
Cr

	
Ti






	
Nominal wt. %

	
4.00

	
1.00

	
2.00

	
5.00

	
8.00

	
2.50

	
bal.




	
Actual wt. %

	
4.30

	
1.03

	
2.07

	
4.99

	
8.00

	
2.50

	
bal.










Cylindrical specimens 8 mm in diameter and 12 mm high were cut from the ingot. The compression tests were conducted on a Gleeble-3800 thermal-mechanical simulator (Data Sciences International, Minnesota, MN, USA) at a temperature ranging from 780 °C to 930 °C at a temperature interval of 50 °C. The strain rate was 0.001 s−1, 0.01 s−1, 0.1 s−1 and 1 s−1 respectively. The specimens were held for 10 min at the deformation temperature and compressed in a vacuum chamber. The height reduction ratio was 75% for all specimens. After reaching the height reduction, the specimens were held for 2 min to ensure completion of deformation and then immediately quenched in to water to preserve the deformed microstructure. Two pieces of thin tantalum sheets were used to minimize friction and maintain uniform deformation. Central regions of the deformed specimens were sectioned for metallographic examinations by Leica DM2500M optical microscopy (OM) (Leica, Wetzlar, Germany) and Tescan MIRA3LMH scanning electron microscopy (SEM) (Tescan, Brno, Czech Republic). The metallographic samples were polished sequentially with 360–2500 grit SiC paper, followed by electrolytic polishing. Further, the modified Kroll’s reagent (3 mL HF + 5 mL HNO3 + 92 mL H2O) was used to reveal the microstructures.




3. Results and Discussion


3.1. True Stress-True Strain Curves


Figure 1 presents the true stress-strain curves of the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy at various temperatures and strain rates. As expected, the flow stress is largely dependent on temperature, strain and strain rate. At the initial compression stage, the flow stress under all conditions increases rapidly and reaches a peak value when the strain approaches 0.1. This is typical of work hardening. Beyond 0.1 strain, all specimens demonstrate flow softening. In addition, the flow softening becomes more prominent at higher strain rates and lower temperatures. This elevated flow softening is attributed to the adiabatic heating, local temperature rise or flow instability according to some previous studies [20]. It is also clear that, at a given strain rate, the peak flow stress decreases with increasing deformation temperature, a result arising from thermally-assisted dislocation movements. Meanwhile, at a given temperature, the peak value of flow stress increases with increasing strain rate. It is also noted that, at a given temperature, the steady-state flow is much earlier approached at a lower strain rate (e.g., Figure 1a). As shown in Figure 1d, at 930 °C and strain rates < 0.1 s−1, the steady-state flow stress is almost instantaneously reached.


Figure 1. True stress-true strain curves of Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy at (a) 780 °C, (b) 830 °C, (c) 880 °C and (d) 930 °C.
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The peak flow stress in hot deformation is influenced by strain rate and temperature, as per a hyperbolic-sine Equation (1) [19].


[image: ]



(1)




where A, α, n are materials constants, R is the molar gas constant, σ is the flow stress, T is absolute temperature and Q is the activation energy for hot deformation.



To model the constitutive equation for the hot deformation of the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy, the values of A, α and n were determined using the experimental data and regression analysis.



Equation (1) can be re-written as


[image: ]



(2)




where [image: ] is the strain rate sensitivity coefficient and n = [image: ] is the temperature sensitivity coefficient. Equation (1) can also be expressed as:
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(3)







A plot of [image: ] vs. ln[sinh(ασ)] for different temperatures is shown in Figure 2a. The inverse of the slope gives the temperature sensitivity coefficient n in Equation (2). Figure 2b shows the relationship of ln[sinh(ασ)] vs. T−1 for different strain rates and their linear regression results. The inverse of the slope gives the strain rate sensitivity coefficient n1 in Equation (2).


Figure 2. Plots of (a) ln[sinh(ασ)] vs. ln(strain rate) and (b) ln[sinh(ασ)] vs. T−1.
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Derived from Figure 2, the variation of Q under various conditions is presented in Figure 3. It can be seen that, at a given temperature, the value of Q changes insignificantly with strain rate. In contrast, for a given strain rate, Q increases sharply when the temperature rises from 780 °C to 830 °C. The rapid change of Q with respect to temperature may be attributed to the phase transformation at approximately 800 °C. It was reported that the globularization, elongation and rotation of α phase may lead to a rapid increase in activation energy [20]. When the temperature further increases, the value of Q decreases. When deformed in the single β field, an increased internal energy arising from increasing temperature leads to a decreased activation energy. These results are consistent with other reports [21]. It is noted that these Q values are much higher than self-diffusion activation energy for either β titanium (153 kJ/mol) or α titanium (169 kJ/mol) [22].


Figure 3. Values of activation energy under various conditions.
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The well-known Zener-Hollomon, or Z, parameter is usually used to describe the flow behavior that is a thermally activated process and is expressed as [23]:


[image: ]



(4)







A plot of ln(Z) versus ln[sinh(ασ)] is shown in Figure 4. A good linear correlation is seen between the flow stress and the Z value with a regression coefficient R2 of 0.96. The slope of the plots give a stress exponent value of 3.92, which is close to the corresponding value obtained from Figure 2a.Based on the results obtained, we chose an apparent activation energy of 592 kJ/mol for our alloy. Additionally, the calculated α, n, Q values of some near-beta titanium alloys are listed in Table 2. A constitutive equation of the peak flow stress for our alloy is described as:


[image: ]










Figure 4. Plot of lnZ–ln[sinh(ασ)].
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Table 2. The calculated α, n, Q values for some typical near beta titanium alloys.







	
Material/Reference

	
α

	
n

	
Q (kJ/mol)






	
Ti-10V-2Fe-3Al [23]

	
0.011

	
2.51

	
534.0




	
Ti–5Al–5Mo–5V–3Cr–1Zr [24]

	
0.009

	
3.50

	
275.3




	
Ti-7333 [21]

	
0.007

	
4.13

	
333.7




	
Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr (this work)

	
0.006

	
3.92

	
592.7










The peak flow stress under various deformation conditions is presented in Figure 5. The error bar in Figure 5 indicates the variations of experimental values while the height of the vertical bar indicates the predicted value from the above constitutive equation. It is clear that the constitutive equation fits experiments very well.


Figure 5. Peak flow stress under different deformation conditions.
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3.2. Processing Map


Generally, a processing map based on dynamic materials model (DMM) is employed to analyze the ability of hot deformation for a particular alloy [25,26]. In DMM, the power dissipation efficiency η, which is associated with the work of hot deformation, can be described by the strain rate sensitivity m as [27]:


[image: ]



(5)
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(6)







The power dissipation map represents the manner in which the power is dissipated by the material through microstructure evolution [17]. Figure 6 shows the power dissipation map of the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy for a strain of 0.7, which is constructed at strain rates ranging from 0.001 to 1 s−1 and deformation temperature from 780 °C to 930 °C. It is clear that the variation of values of η is very sensitive to the deformation parameters (strain rate and deformation temperature). As shown in Figure 6, there are three distinct domains of peak efficiency. The first one occurs at the temperature range of 780 °C to 800 °C (in the α + β field), in which up to 50% of peak efficiency was observed at ~780 °C and 0.03 s−1. The reason for the high efficiency of power dissipation in this region is likely the significant α to β transformation, globularization of α lamellae and dynamic recrystallization (DRX) [28]. The second domain appears in the single β field (temperature: 880 °C to 900 °C) and at the strain rate range of 0.3 to 1 s−1. It presents a peak efficiency of 50% at ~880 °C and 0.1 s−1, which implies the desired deformation mechanism could be achieved at high strain rates. The third peak efficiency domain appears at temperatures from 900 °C to 930 °C with strain rate of 0.001 s−1 to 0.01 s−1; a peak efficiency of 60% was observed at about 930 °C and 0.001 s−1. The high efficiency at these two domains is likely to be dominated by DRV and DRX [21].


Figure 6. Power dissipation map of the current alloy at strain of 0.7.
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The instability map is established according to the irreversible thermodynamics extremum principles used for the large-scale plastic deformation body. The instability criterion is described by the instability parameter ξ [29]:


[image: ]



(7)







The processing map can be superimposed by power dissipation map and instability map [18]. Processing map of the current alloy at a strain of 0.7 is presented in Figure 7. The contours represent the efficiency of power dissipation. The red shaded region represents the instability region, in which the values of instability parameter ξ are negative. As shown in Figure 7, the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy presents a wider process window in comparison with the other titanium alloys, which confirms the excellent workability of this material [13,18,30]. Previous investigations [30,31] suggest that the microstructural evolution in the stable domains is probably caused by DRX, spheroidizing or DRV. On the other hand, adiabatic shear bands formation, flow localization or flow rotations is likely the cause of flow instability.


Figure 7. Processing map of the current alloy at strain of 0.7.
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To understand the deformation mechanisms of the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy in different regions on the processing map, the microstructures of the deformed alloy under various processing conditions are analyzed and discussed in the following section.




3.3. Microstructure


3.3.1. Samples Deformed in Flow Stability Regions


Typical microstructures of Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy in the stability regions of processing map are presented in Figure 8. As can be seen in Figure 8a, the coarser grains are obtained when compressed at 780 °C/0.001 s−1, where the value of η is approximately 10%. The reasons for this phenomenon may be that sufficient impetus leads to finished dynamic recrystallization of β grains. Due to the high temperature in the α + β field and low strain rates, the sufficient power and time lead to completed dynamic recrystallization when strain is less than 0.7. It is also noted that precipitation of α phase is beneficial to the achievement of DRX [23]. The Q and η values under this condition are 477.2 kJ/mol and 10% respectively. With increasing the deformation temperature and strain rate, fine recrystallized grains are developed fully at 830 °C/0.01 s−1, as observed in Figure 8b. Under this particular condition, the values of Q and η are 715.2 kJ/mol and 40%. It is consistent with other studies, in which dynamic recrystallization is achieved when the value of efficiency dissipation is in the range of 40–50% [32]. When deformed at 930 °C/0.1 s−1, some sub grains (low angle grain boundaries) are presented in Figure 8c, suggesting dominant dynamic recovery (DRV) and only few recrystallized grains are observed along the boundaries. The dominance of DRV over DRX is likely due to the high stacking fault energy of β phase [21]. The corresponding values of Q and η are 403.3 kJ/mol and 36%. Decreasing strain rate and hence more sufficient time available promotes DRX; thus more recrystallized grains are developed, as shown in Figure 8d. The corresponding values of Q and η are 462.5 kJ/mol and 40%, respectively.


Figure 8. Microstructures of samples processed with different parameters (a) 780 °C/0.001 s−1; (b) 830 °C/0.01 s−1; (c) 930 °C/0.1 s−1; and (d) 930 °C/0.01 s−1.
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The above results indicate that the hot deformation at a proper deformation temperature and low strain rate could promote finer and homogeneous microstructure. The optimal hot working parameters for the current alloy are determined as temperature of 780 °C to 880 °C and strain rate of 0.001 to 0.01 s−1.




3.3.2. Samples Deformed in Flow Instability Regions


The microstructures of the sample processed in the instability domains are presented in Figure 9. In general, the microstructure features the bands of flow localization, in association with localized flow or adiabatic shear bands [33,34]. The adiabatic heat is generated easily because Ti possesses a much lower thermal conductivity when compared to other metals [21]. By comparing the microstructure in Figure 9a,b, the bands of flow localization are more obvious at higher strain rates. This is caused by an increased accumulated energy at a high strain rate. In addition to strain rate, deformation temperature apparently influences the microstructure. It is expected that, for a given high strain rate, further decreasing deformation temperature would result in cracking (not presented in this study). Meanwhile, the SEM micrograph of the current alloy is presented in Figure 10, which shows a fairly heterogeneous microstructure. The majority are fine elongated α lamella perpendicular to the compression axis. There exist some irregularly bent α lamella as well. In terms of processing safety, the deformation parameters in the top left corner of Figure 7 (i.e., instability domain) is not recommended for the processing of the Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy.


Figure 9. Microstructure observed in specimens deformed in the instability regions (a) 780 °C, 0.1 s−1 and (b) 780 °C, 1 s−1.
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Figure 10. Scanning Electron Microscopy (SEM) micrograph of α lamellae deformed at 780 °C, 1 s−1.
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4. Conclusions


This study investigated the hot deformation behavior of a newly developed near β titanium alloy, Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr. Based on the results obtained from the hot compression tests, a constitutive model and processing maps are developed. Additionally the microstructures under various processing conditions are observed to verify the deformation mechanisms. The following conclusions can be drawn from the present study:

	
The flow stress variation of Ti-4Al-1Sn-2Zr-5Mo-8V-2.5Cr alloy is strongly dependent on the strain rate and deformation temperature. The peak flow stress decreases with decreasing strain rate and increasing temperature.



	
The constitutive equation is constructed and the average deformation activation energy is calculated to be 592.7 kJ/mol. The constitutive equations for the current alloy are:


[image: ]











	
The dominant mechanism in the instability domain is the flow localizations, while in the stability domains, the mechanisms are DRV and DRX. The optimal processing parameters are obtained in the temperature range of 780 °C to 880 °C and strain rate of 0.001 to 0.01s−1.
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