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Abstract:



The dynamic recrystallization (DRX) behavior of Ti-45Al-8.5Nb-0.2W-0.2B-0.3Y (at %) alloy has been investigated through hot compression tests. The tests were executed at a temperature range of 1000–1200 °C and a strain rate range of 0.001–1 s−1 under a true strain of 0.9. It was found that the α2 phase which is produced during heat treatment is reduced during hot compression due to thermo-mechanical coupling. The value of the activation energy is 506.38 KJ/mol. With the increase in deformation temperature and the decrease in strain rate, DRX is more likely to occur, as a result of sufficient time and energy for the DRX process. Furthermore, the volume fraction of high angle grain boundaries increases to 89.01% at a temperature of 1200 °C and the strain rate of 0.001 s−1, meaning completely dynamic recrystallization. In addition, DRX is related to the formation of twin boundaries. The volume fraction of twin boundaries rises to 16.93% at the same condition of completely dynamic recrystallization.
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1. Introduction


TiAl-based alloys are considered a promising candidate for high-temperature structural applications in the aerospace and automotive industries [1,2,3,4] because of their outstanding properties such as low density, high specific yield strength, high specific stiffness, good oxidation resistance and creep properties. However, natural brittleness, a key factor, limits the application of conventional TiAl-based alloys. In order to improve the hot workability of TiAl-based alloys, many studies have been performed over the last two decades [5,6]. It has been found that the addition of Nb can improve the workability of ductile β/B2 phase at elevated temperatures [7,8], and Nb and W tend to enrich in β/B2 phase, which contributes to the stability of β/B2 phase [9].



It is commonly agreed that service properties are significantly connected with microstructures. It is also well-known that hot deformation is an effective method to optimize the microstructure, to further improve these properties. Dynamic recovery, phase transformations and DRX will occur during deformation at high temperature, resulting in the variation of size, morphology, fraction and distribution of phases [4,10,11,12,13,14]. Moreover, microstructure evolution is affected by hot deformation parameters, especially by deformation temperature, strain rate and degree of deformation [15,16]. The deformation behaviors of TiAl-based alloys of which the initial microstructure consists of the fully lamella or nearly lamella have been studied [17], indicating that the deformation mechanism of γ phase is mainly DRX and that of α phase is dynamic recovery during deformation at 1275 °C. When strain reaches critical levels, the nuclei of DRX grains are generated, which will grow with increasing deformation degree [18]. The DRX mechanism of a TiAl-based alloy in a single α-hcp phase region has also been investigated [19]. However, the phase transformation and DRX behavior of TiAl-based alloys with two β + γ phases needs to be further characterized in detail.



The present paper studies the phase transformation and DRX behavior of a TNB (high Nb containing TiAl-based alloy) alloy with β + γ two phases. For this purpose, the hot compression tests were conducted at different deformation temperatures and strain rates. The analysis of hot deformation behavior will be executed based on X-ray diffraction, microstructure and EBSD.




2. Materials and Methods


High-purity Ti, Al, Nb, W, B and Y (≥99.9%) were used as the raw materials. An ingot of TNB alloy with a nominal composition of Ti-45Al-8.5Nb-0.2W-0.2B-0.3Y (at %) was fabricated using vacuum arc remelting (VAR melting) method, and the practical composition is listed in Table 1. Subsequently, the ingot was HIPed (hot isostatic pressed) at 1280 °C for 4 h under a pressure of 140 MPa. The dimension of the ingot after HIP is Φ 220 mm × 190 mm. In order to investigate hot deformation behavior, uniaxial compression tests were performed on a gleeble-3500 thermo simulation machine. Cylindrical samples for compression tests with 8 mm in diameter and 12 mm in height were cut from the HIPed ingot, which deformed at temperatures ranging from 1000 °C to 1200 °C and strain rates from 0.001 s−1 to 1 s−1 under a true strain 0.9. To reduce the friction between two end sides of cylindrical sample and pressure heads of thermo simulation machine, graphite lubricant was adopted. Prior to deformation, samples were heated to target temperatures at a rate of 10 K/s, and then kept 300 s for uniformity of temperature. After the hot compression test, samples were quenched immediately to retain the deformed microstructure at elevated temperature.



Table 1. Chemical composition of present TiAl alloy.







	
Element

	
Al

	
Nb

	
W

	
B

	
Y

	
Ti






	
at %

	
44.43

	
8.40

	
0.21

	
0.19

	
0.28

	
Bal.










The initial microstructure after hot isostatic pressing is shown in Figure 1a. Phase composition is determined by XRD (in Figure 1b), which mainly consists of black γ phase, white β phase and gray α2 phase. The lamellar colony is composed of γ lath and a small amount of α2 lath, which is surrounded by γ and β phase with the irregular morphologies. Some bright bulk particles are located in the lamellar colony, while others along the colony boundary were demonstrated to be impurities with B and Y elements [13], which are beneficial to decrease the size of the colony [20,21].


Figure 1. (a) The initial microstructure; and (b) X-ray diffraction pattern of HIPed alloy.
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The microstructures were characterized via scanning electron microscopy (TESCAN, Brno city, Czech Republic) in the back scattered mode (SEM-BSE) and electron backscattered diffraction (EBSD). Dynamic recrystallization grains were investigated by EBSD which performed on TESCAN Field Emission Scanning Electron. The specimens for EBSD were prepared by Vibrational Polish for 8 h. X-ray diffraction were adopted to analyze the phases of alloy, which was carried out using Cu Kα radiation with 2θ range from 20° to 90°, and the voltage, current and scanning step were 40 kV, 30 mA and 0.03, respectively.




3. Results and Discussion


3.1. Analysis of Flow Curves


3.1.1. Characteristics of Flow Curves


Figure 2 shows flow stress curves of the present TiAl alloy deformed at different deformation temperatures and strain rates. It is obvious that flow stress is sensitive to deformation temperatures and strain rates. With the increase of deformation temperature and the decrease of strain rate, flow stress decreases dramatically. With the increase of strain, flow stress reaches the peak value at the initial deformation stage, followed by flow softening. The softening stage of the present TiAl alloy persists for long time before reaching the steady-state regime. It is a typical characteristic of TiAl alloy that the deformation is dominated by DRX [22]. The critical strains of specimens deformed at different conditions are shown in Table 2. All values of critical strain are below 0.2. Such a low value indicates that the onset of DRX is very easy. With the decrease of strain rate, the value of critical strain gradually decreases, which indicates that DRX easily occurs at a low strain rate.


Figure 2. Flow curves of specimens deformed at (a) 1000 °C; (b) 1050 °C; (c) 1100 °C; (d) 1150 °C; (e) 1200 °C.
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Table 2. The critical strain of the present alloy deformed at different conditions.







	
Parameters

	
1000 °C

	
1050 °C

	
1100 °C

	
1150 °C

	
1200 °C






	
0.001 s−1

	
0.05594

	
0.01272

	
0.01219

	
0.0136

	
0.00804




	
0.01 s−1

	
0.05747

	
0.01574

	
0.01651

	
0.01621

	
0.01039




	
0.1 s−1

	
0.06517

	
0.07555

	
0.01843

	
0.02057

	
0.01471




	
1 s−1

	
0.15034

	
0.12692

	
0.0619

	
0.08271

	
0.01828











3.1.2. Activation Energy Q


Flow behavior of TiAl alloy can be well-described by the Arrhenius equation. The flow stress and deformation parameters can be expressed as
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(1)







For the different stress regime, Equation (1) can express it as follows:
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(2)
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(3)




where Q is activation energy, n and n’ are stress exponents, α, A, B, and B’ are material constants, and R is the gas constant. The constant α can be calculated by Equation (4):
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(4)







Taking the logarithm of both sides of Equations (2) and (3), and linear curve fitting (Figure 3a,b), constants β and n’ can be worked out. It is important to note that the flow stress is taken at the peak strain in Figure 3. Then, constant α of the present alloy can be determined, and the value is 3.4 × 10−3.


Figure 3. Plot of (a) ln[image: there is no content] − lnσ; (b) ln[image: there is no content] − σ; (c) ln[image: there is no content] − ln[sinh(ασ)]; (d) ln[sinh(ασ)] − 1/T. It is important to note that the flow stress is taken at the peak strain.
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The activation energy Q can be calculated by Equation (5):


[image: there is no content]



(5)







Taking logarithm of both sides of Equation (1), the slope of [image: there is no content] and [image: there is no content] curves can be obtained, as shown in Figure 3c,d. Thus, the value of activation energy Q is 506.38 KJ/mol, which is higher than activation energy for Ti self-diffusion (260 KJ/mol), Al self-diffusion (390 KJ/mol) and Ti-Al inter-diffusion (295 KJ/mol) in single γ-TiAl alloys [23,24,25]. Such a high value of activation energy Q indicates that DRX appears in deformation and dominates the softening stage.





3.2. Analysis of Microstructure


Figure 4a is the X-ray diffraction pattern of specimens deformed at the strain rate of 0.001 s−1 and heat treatment for 1200 s. According to the binary phase diagram of TiAl alloy with 8 (at %) Nb published in [26], α2 phase will be produced during heat treatment in the adopted temperatures. There are obvious peaks of α2 phase in heat treatment specimens. In Figure 4b,c, γ phases, β/B2 phases and α2 phases are represented by blue, red and yellow phases, respectively. Figure 4b is the phase map showing the phase composition of specimen with solution at 1200 °C for 1200 s. The yellow α2 phase can be observed clearly. Reversely, it is found that the peaks of α2 phase disappears in the compressed samples, which means that no α2 phase exists. Figure 4c, the phase map, also demonstrates that no yellow α2 phase exists. The result indicates that α2 phase, which is produced during heat treatment, is reduced during hot compression at the temperatures range of 1000–1200 °C. TiAl-based alloy is a low stacking fault energy alloy, and for the present alloy, stacking fault energy further decreases on account of high Nb conditions [3]. Hence the onset of DRX happens more easily during hot deformation. The strain energy releases because of DRX, leading to a decrease in driving forces for producing α2 phase.


Figure 4. (a) X-ray diffraction patterns of specimens deformed at strain rate of 0.001 s−1 and heat treatment for 1200 s; phase map corresponds to (b) heat treatment at 1200 °C for 1200 s; and (c) deformed at 1200 °C.
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Microstructures of deformed specimens at the strain rate of 0.01 s−1 and different temperatures ranging from 1000 °C to 1200 °C are shown in Figure 5. The β phase uniformly distributes in γ matrix. Elongated β phase, perpendicular to the direction of compression, is distributed in γ grain boundaries at the deformation temperature of 1000 °C. With the increase of temperature, a mass of elongated β phases are broken and refined (in Figure 5b,c). At a much higher deformation temperature, as shown in Figure 5d,e, the morphology of β phase gradually tends to be equiaxed and spherical. In addition, a vast number of γ DRX grains are observed at all chosen temperatures. However, DRX process proceeds less effectively at a low temperature, which leads to the existence of primary coarse grains. On the other hand, the β phase bends and distributes in γ grain boundary at high strain rate, depicted in Figure 6a. Moreover, no DRX grains are observed. Instead, DRX grains are investigated obviously at low strain rate (Figure 6b). It is a common view that the short deformation time is caused by the high strain rate, which results in insufficient time for recrystallization.


Figure 5. Microstructures of specimens isothermally deformed at the strain rate of 0.01 s−1 and different temperatures (a) 1000 °C; (b) 1050 °C; (c) 1100 °C; (d) 1150 °C; (e) 1200 °C.
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Figure 6. Microstructures of specimens isothermally deformed at the temperature of 1200 °C and different strain rates of (a) 1 s−1; (b) 0.001 s−1.
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Figure 7, the IPF maps and grain boundary maps overlapped with phases, shows the characteristics of grains and grain boundaries in phases at different conditions. In the EBSD map images, γ phases, β/B2 phases and α2 phases are represented by blue, red and yellow phases, respectively. The black lines represent grain boundaries with a misorientation angle between 2° and 15°, while the bright blue lines are used for a misorientation angle of more than 15°. Twin boundaries (TBs) with 57° ≤ θ ≤ 63° are expressed by the pink lines. Generally, two types of grain boundaries, low angle grain boundaries (LAGBs) and high angle grain boundaries (HAGBs), are defined based on misorientation angles. The LAGBs are the typical feature of substructure forming during hot deformation, while HAGBs usually are caused by DRX and grains grow up via merging grains [27]. As is well known, grain boundaries with misorientation angle between 2° and 15° are LAGBs and those with orientation angle more than 15° are HAGBs.


Figure 7. IPF maps and grain boundary maps overlapped with phases at different processing parameters: (a,b) 1000 °C, 0.01 s−1; (c,d) 1100 °C, 0.01 s−1; (e,f) 1200 °C, 0.01 s−1; (g,h) 1200 °C, 0.1 s−1; (i,j) 1200 °C, 0.001 s−1.
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In Figure 7a, a high number of fine and equiaxed γ grains are observed, whereas coarse γ grains still exist. Figure 7b shows the grain boundary map overlapped with phases which corresponds to Figure 7a. A large number of LAGBs can be investigated in coarse grains, which means coarse γ grains are deformed primary grains. It can also be found that grain boundaries of fine and equiaxed grains in Figure 7a are HAGBs, proving that those grains are DRX grains. In general, DRX was divided into 3 types: (i) discontinuous dynamic recrystallization which comprises grain nucleation and grain growth, is usually observed in low stacking fault energy metals; (ii) continuous dynamic recrystallization which has been observed in high stacking fault energy metals; (iii) geometric dynamic recrystallization generated by the fragmentation of the initial grains [28]. High Nb containing TiAl-based alloy is low stacking fault energy alloy. Thus, the type of DRX is mainly discontinuous dynamic recrystallization in TiAl-based alloy. As deformation temperature increases to 1100 °C (Figure 7c,d), the number of γ coarse grains with low angle decreases, and DRX grains are larger than those at the temperature of 1000 °C. Figure 8 shows the distribution of misorientation angle at different conditions. As shown in Figure 8a,b, the fraction of HAGBs increases from 78.34% to 82.24%. Because high temperature can provide DRX process with more active energy, which is beneficial to nucleation and growth of grains. Further raising deformation temperature to 1200 °C, a tiny number of γ coarse grains with low angle can be observed (in Figure 7e,f), i.e., the extent of DRX is extremely high, but residual lamella still exists. The grain boundaries of β grains are mainly HAGBs. In a word, as the deformation temperature arising, it is helpful for DRX process. It is worth noting that most of twin boundaries locate in DRX grains. Moreover, the area fraction of TBs is 2.67% at the deformation temperature of 1000 °C, while it increases to 17.87% with the deformation temperature rising to 1200 °C.


Figure 8. Misorientation angle distribution of deformed samples at different conditions: (a) 1000 °C, 0.01 s−1; (b) 1100 °C, 0.01 s−1; (c) 1200 °C, 0.01 s−1; (d) 1200 °C, 0.1 s−1; (e) 1200 °C, 0.001 s−1.



[image: Metals 07 00261 g008]






As the strain rate increases to 0.1 s−1, a few DRX grains can be found in Figure 7g. The fraction of LAGBs and HAGBs are 66.92% and 33.08%, respectively. Discontinuous dynamic recrystallization includes nucleation and growth processes of grains. The previous study has demonstrated that the nucleation process completes in a flash, while the growth process is overwhelmingly slow [22]. Deformation time is inadequate for DRX at high strain rate, and high temperature can activate a portion of slip system which benefits the formation of substructures. Therefore, the volume of LAGBs increased dramatically. Meanwhile, yellow α2 phase is observed in Figure 7h. Because driving force for producing α2 phase is not consumed completely by DRX. On the contrary, deformation time for DRX is guaranteed at the strain rate of 0.001 s−1, and completely DRX occurs during hot compression. As a result, the volume fraction of LAGBs drops dramatically to 10.99%, and that of HAGBs increases to 89.01%. It is difficult to find TBs surrounded by HAGBs in Figure 7h, and the volume of TBs is only about 1.69%, depicted in Figure 8d. Reversely, a large number of TBs can be found at low strain rate as shown in Figure 7j, and the volume fraction of TBs increases to 16.93%.



Interestingly, the majority of DRX grains are twin-related to the parent grains. The opposite grain boundaries of DRX grains are HAGBs and bulged. This phenomenon corresponds to previous studies in some alloys such as copper [29], and this twin-related nucleation mechanism is regarded as a typical feature of discontinuous DRX. Grain-boundary migrations are activated by high strain energy, followed by twin nucleation. The twins always generate within the parent grains, and opposite grain boundaries with misorientation angle more than 15° migrate towards the neighboring grains. Moreover, the volume fraction of TBs increases with the enhancement of DRX extent, which also indicates that the formation of TBs is linked with discontinuous DRX.





4. Conclusions


In this study, uniaxial hot compression tests of Ti-45Al-8.5Nb-0.2W-0.2B-0.3Y alloy were carried out, and the results were analyzed using SEM, X-ray diffraction and EBSD techniques. Some conclusions drawn in this paper were as follows:

	(1)

	
Flow stress is sensitive to the temperature and strain rate. With an increase in temperature and a decrease in strain rate, flow stress decreases significantly. The critical strain is blow 0.2, and the value of activation energy Q is 506.38 KJ/mol.




	(2)

	
α2 phase, produced during heat treatment, is reduced by thermo-mechanical coupling during hot compression. The yellow α2 phase can be observed clearly in a phase map of the heating treatment specimen. However, no yellow α2 phase exists in deformed specimen.




	(3)

	
With an increase in temperature and a decrease in strain rate, the extent of DRX increases. The volume fraction of HAGBs is 31.39% at the temperature of 1200 °C and the strain rate of 0.1 s−1, and that significantly rises to 89.01% at the strain rate of 0.001 s−1.




	(4)

	
Most DRX grains are twin-related to the parent grain. The formation of twins can promote the DRX process. The volume fraction of TBs is only 1.69% at the temperature of 1200 °C and the strain rate of 0.1 s−1, but that increases to 16.93% at the condition of completely DRX.
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