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Abstract

:

In order to investigate the dynamic mechanical behavior of TiAl alloys and promote their application in the aerospace industry, uniaxial compression of Ti-44Al-4Nb-1.5Mo-0.007Y (at %) alloy was conducted at a temperature range from 25 to 400 °C with a strain rate of 2000 s‒1. Twinning is found to be the dominating deformation mechanism of the γ phase at all temperatures, and the addition of Nb and Mo has a chemical impact on the alloy and reduces the stacking fault energy of the γ phase. The decreased stacking fault energy increases the twinnability; thus, the deformation is dominated by twinning, which increases the dynamic strength of the alloy. With the temperature increasing from 25 to 400 °C, the average spacing of twins in the γ phase increases from 32.4 ± 2.9 to 88.1 ± 9.2 nm. The increased temperature impedes the continuous movement of partial dislocations and finally results in an increased twin spacing in the γ phase.
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1. Introduction


Titanium aluminum (TiAl) alloys are considered to be one of the most promising candidates for high temperature applications in the aerospace industry because of their high strength, low density and excellent creep properties [1,2,3]. For example, compared to nickel-based superalloys, TiAl alloys are ~35% lighter and exhibit great potential in the temperature range of 600–900 °C, which is the working range for the outer blades of turbine engines [4,5].



Conventional TiAl alloys (for example, Ti-48Al-2Cr-2Nb alloy), consisting of the γ phase and α2 phase, have drawbacks such as low ductility (elongation is less than 5%) at room temperature and poor hot workability [6,7]. These disadvantages of TiAl alloys can be improved significantly by thermo-mechanical processing, such as hot rolling, hot forging, and hot extrusion [8], which also reduces the number of voids and refines grain sizes. The deformation mechanisms of thermally processed TiAl alloys have been systematically investigated in the literature [9]. The γ phase deforms mostly by dislocation slipping during high temperature treatments [10,11], discontinuous dynamic recrystallization [11], as well as phase transformation [12]. However, the hot workability of conventional (γ + α2) TiAl alloys is poor, such that the material fractures during the forming process, thus largely restricting their application. In order to improve the mechanical properties as well as the hot workability of TiAl alloys, TNM alloys (also called β phase containing TiAl alloys) have been developed in recent years. In addition to the γ and α2 phases, a disordered β phase exists in TNM alloys at a temperature range from 1100 to 1300 °C, which is mainly stabilized by Nb and other minor elements such as Mo, Cr, Y, etc. [13], and effectively improves the hot workability and plasticity.



The γ phase in traditional TiAl alloys can be deformed by twinning, which is an effective way to improve their mechanical properties [14]. With the modifying alloying elements added to TNM alloys, the stacking fault energy of the γ phase is changed and the formation of twins is further promoted [15]. However, the major deformation mechanisms of TNM alloys under low strain rate conditions are still under debate, which include dislocation movement [16,17] and twinning [16,17,18], while the bulging of grain boundaries [18] and dynamic recrystallization [16] also contribute to the overall plasticity.



Except for mechanical properties under low strain rate conditions, the safety design of engines also requires that TNM alloys are stable under high strain rate conditions, such as dynamic impact caused by foreign objects—such as birds—that may collide against a turbine blade in an aircraft [19]. Thus, it is necessary to investigate the mechanical behavior of TiAl alloys under a high strain rate. Y.J. Hao et al. [20] investigated the dynamic mechanical behavior of Ti-47Al-2Cr-2Nb (at %) alloys and showed that the yield strength of the alloy is consistently 750 MPa in the temperature range of 15–500 °C. S.A. Maloy et al. [21] studied the compressive deformation behavior of T-48Al-2Nb-2Cr (at %) at strain rates of 0.001 s−1 and 2000 s−1. Results show that deformation occurs in γ-TiAl by means of {111}<112] twinning and 1/2<110] slip. X. Zan et al. [22] investigated the dynamic deformation mechanisms of Ti-47Al-2Nb-2Cr (at %) alloy and concluded that deformation twins are common in equiaxed grains but that no twins are found in lamellar structures. However, most of the corresponding studies have been focused on conventional TiAl alloys, while the dynamic behavior of TNM is hardly known. As TNM alloys have good hot workability and show good application potential in engines, it is important to investigate their deformation mechanisms under high strain rate and high temperature.



The present paper aims at investigating the mechanical properties and deformation mechanisms of TNM alloys at temperatures of 25 °C, 200 °C and 400 °C with a high strain rate using a split Hopkinson pressure bar (SHPB). The dynamic deformation mechanisms of the TNM alloy are elucidated, and the twinning behavior of the γ phase is discussed.




2. Materials and Methods


A TNM alloy with a Ti-44Al-4Nb-1.5Mo-0.007Y (at %) alloy was prepared by induction skull melting. After solidification it was held at 1200 °C for 2 h under a pressure of 150 MPa, which was followed by cooling at a speed of 20 °C/min to room temperature. X-ray diffraction (XRD, Bruker Karlsruhe, Germany) was used to identify the phases of the TNM alloy. The target material used was Cu and the 2θ range was from 10 to 100°.



Uniaxial dynamic compressive experiments were performed at temperatures of 25 °C, 200 °C and 400 °C at the strain rate of 2000 s−1 using a SHPB system [23] comprised of a striker bar, incident bar, and transmitted bar, and the schematic diagram is shown in Figure 1a. The diameter of each bar was 14.5 mm. The length of the striker bar was 200 mm. The length of the incident bar and the transmitted bar was 700 mm. All compression tests were conducted on cylindrical specimens with 5 mm diameter and 5 mm height. Prior to the dynamic compression testing, these cylindrical samples were heated in a small tubular furnace and held at the testing temperature for 10 min [20]. Figure 1b,c are the pictures of the SHPB system and the heating device. During the test, the heating device is placed between incident bar and transmitted bar, as shown in the red rectangle in Figure 1b. To ensure the reliability of the experimental data, all tested specimens were subjected to the same impact velocity of the striker bar so as to obtain the same loading condition. In addition, at least three samples were tested under each testing condition to make sure that the experimental data were reproducible to within the limits of the equipment.



The deformed specimens were sectioned parallel to the compression axis using Electrical discharge machining (Xiangyonghui, Beijing, China) for microstructural analysis. Microstructures before and after dynamic compression were examined by Quanta 450FEG field-emission scanning electron microscopy (SEM, F20 FEI, Hillsboro, OR, USA). Electron back scattered diffraction (EBSD) observations were performed on a ZEISS ULTRA 55 (ZEISS, Jena, Germany). A JEOL JEM 2100 transmission electron microscopy (TEM, JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV was employed to analyze the deformation mechanism of the TNM alloy. The specimens for TEM were prepared using twin-jet electropolishing method.




3. Results


Figure 2a shows the XRD measurement of the heat-treated TNM alloy, in which γ-TiAl, α2-Ti3Al and B2 are detected. An SEM image with an EBSD image overlay is shown in Figure 2b. The TNM alloy is mainly composed of a γ/α2 lamellar colony with an average size of ~50 μm and equiaxed γ grains, as well as the B2 phase. EBSD results show that the volume fractions of γ, α2 and B2 phase are 82.5%, 12.7% and 4.8%, respectively. Figure 2c,d show TEM images of the heat-treated TNM alloy. The average inter-lamellae spacing of γ/α2 lamellae is about 300 nm, and a B2 grain with a size of 500 nm is also observed. The inset in Figure 2d is the corresponding selected area electron diffraction (SAED), showing the CsCl structure of the B2 grain.



Figure 3a shows the true stress-strain curves of the TNM alloy under dynamic compression at different temperatures. The dynamic yield strength of the TNM alloy decreases as testing temperature rises: 1320 ± 35 MPa at room temperature (25 °C), 1230 ± 30 MPa at 200 °C and 1120 ± 33 MPa at 400 °C. All of the dynamic yield strengths of the tested TNM alloy in this study are much higher than that of γ-TiAl alloys (~750 MPa at temperature range from 25 °C to 500 °C) [20]. One of the reasons for the difference in the strength of these alloys could be the hard B2 phase, which does not exist in the conventional TiAl alloys. However, the content of the B2 phase in TNM alloys is only 4.8%; thus, the increased yield strength also comes from a strengthening of the γ phase, possibly by deformation twins. Figure 3b–d show SEM micrographs of the TNM alloy deformed at 25 °C, 200 °C, and 400 °C, respectively. Since the true strain of TNM alloy under three deformation temperatures is similar and small (~0.12) after dynamic compression, the deformation of lamellae colonies in TNM alloy is slight, as shown in Figure 3b–d.



In order to investigate the deformation mechanism of the γ phase at different temperatures, the deformed microstructures were observed by TEM. The deformation of the γ-TiAl phase is usually controlled by {111}1/2<1 −1 0] full dislocation and {111}1/6<1 1 −2> twinning systems [24]. Figure 4a1 shows the TEM micrograph of the TNM alloy deformed at 25 °C. Deformation twins are formed in γ-TiAl lamellae, as indicated by the red arrows. An SAED pattern of the twins is shown in Figure 4a2. The average space between the twins in the γ phase is measured to be 32.4 ± 2.9 nm at 25 °C. Figure 4b1,c1 show TEM micrographs of the TNM alloy deformed at 200 °C and 400 °C respectively. Similarly, deformation twins are also observed in local region of γ-TiAl lamellar, and SAED patterns of the twins are shown in Figure 4b2,c2. Therefore, twinning is an important deformation mechanism for the γ phase in the TNM alloy between 25 °C and 400 °C.




4. Discussion


The difference between the γ phases of TiAl and TNM could be explained by the additional elements Nb and Mo [15], which change the stacking fault energy. Additive elements such as Nb, Mo, Cr, Hf, and Ta relax the atomic position and lead to a decrease of the stacking fault energy by 20–40%. Among these elements, Nb and Mo have a significant influence on stacking fault energy. The superlattice intrinsic stacking fault of γ-TiAl drops by 36% after adding the Mo element, while the Nb element causes a 30% drop of the superlattice intrinsic stacking fault [25]. When the stacking fault energy is decreased, twins are easily formed. Thus, the twins in γ phase of current TNM alloy are considered to be promoted by the decreased stacking fault energy.



The average spacing of twins in the γ phase at 200 °C and 400 °C is 63.5 ± 6.2 nm and 88.1 ± 9.2 nm, increasing 95.9% and 171.9% compared to that at 25 °C. Therefore, as the temperature increases, the average spacing of twins shows a sharply increasing tendency, which means that twin formation is easier at lower temperatures. This phenomenon can also be explained by the increasing stacking fault energy as temperature increases, leading to impeded continuous movement of partial dislocations and finally resulting in an increased twin spacing.



The evolution of twins involves nucleation, propagation and thickening. In the γ-TiAl phase, twinning relies on the motion of {111}1/6<1 1 −2] Shockley partial dislocations. The twin planes are {111} close-packed planes, and the twinning direction is <1 1 −2]. Figure 5a show the high resolution TEM micrograph of twins observed in γ-TiAl lamellae of the TNM alloy. Nano-twin boundaries are observed and marked by the dotted red line. The inset in Figure 5a shows the fast Fourier transform (FFT) of the region in the red circle, confirming the existence of the nano-twins. Under the strain rate of 2000 s−1, the TNM alloy has a high twinnablity; nano-twins are prone to be activated at room temperature, and these deformation twins play an important role in increasing the dynamic strength of the TNM alloy. Based on our experimental results in Figure 5a, a schematic model showing the evolution of the twinning of the γ phase in the TNM alloy is built, as shown in Figure 5b1–b3. Figure 5b1 shows the γ phase before deformation. Under the dynamic compression condition, a stacking fault is first nucleated in the matrix under the motion of Shockley partial dislocations, as shown in Figure 5b2. After formation of the first layer, a second Shockley partial dislocation glides on adjacent planes. As Shockley partial dislocations continue to glide, the number of layers increases, resulting in the thickening and boundary migration of the twin, as shown in Figure 5b3.




5. Conclusions


In summary, twinning is the dominant deformation mechanism of the γ phase in Ti-44Al-4Nb-1.5Mo-0.007Y (at %) alloy at the strain rate of 2000 s−1 at temperature range of 25 °C to 400 °C, which is different from the conventional TiAl alloy. The addition of Nb and Mo has a chemical impact on γ phase and reduces the stacking fault energy. The decreased stacking fault energy increases the twinnability; thus the deformation is dominated by twinning, which increases the dynamic strength of the alloy. With the temperature increasing from 25 to 400 °C, the average spacing of twins in the γ phase increases from 32.4 ± 2.9 to 88.1 ± 9.2 nm. The increased temperature makes twinning more difficult and results in an increased twin spacing in the γ phase.
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Figure 1. (a) Schematic diagram of the split Hopkinson pressure bar (SHPB) system; (b) picture of the SHPB system; (c) picture of the heating device. 
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Figure 2. (a) XRD spectra showing that γ-TiAl, B2 and α2-Ti3Al phases exists in TNM alloy; (b) SEM image and EBSD image showing the γ phase (green color), α2 phase (red color) and B2 phase (blue color); (c,d) TEM images and corresponding selected area electron diffraction (SAED) pattern showing the γ/α2 lamellae and B2 phase. 
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Figure 3. (a) The true stress-strain curves of TNM alloy under dynamic compression at different temperatures. SEM images of the deformed TNM alloy with a strain rate of 2000 s–1 at (b) 25 °C; (c) 200 °C; (d) 400 °C. 






Figure 3. (a) The true stress-strain curves of TNM alloy under dynamic compression at different temperatures. SEM images of the deformed TNM alloy with a strain rate of 2000 s–1 at (b) 25 °C; (c) 200 °C; (d) 400 °C.



[image: Metals 08 00619 g003]







[image: Metals 08 00619 g004 550] 





Figure 4. TEM micrographs and SAED of TNM alloy deformed at (a1,a2) 25 °C showing twins; (b1,b2) 200 °C showing twins; (c1,c2) 400 °C showing twins. 
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Figure 5. (a) High resolution TEM micrographs and a fast Fourier transform pattern of twins observed in γ-TiAl lamellae of TNM alloy deformed at 25 °C; a schematic model showing twinning evolution of the γ-TiAl phase in the TNM alloy; (b1) original state of the material; (b2) nucleation and propagation of twins; (b3) the thickening and boundary migration of twins. 
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