

  metals-08-00445




metals-08-00445







Metals 2018, 8(6), 445; doi:10.3390/met8060445




Article



Evolution of the Microstructure and Lamellar Orientation of a β-Solidifying γ-TiAl-Based Alloy during Hot Compression



Kai Zhu 1, Shoujiang Qu 1, Aihan Feng 1, Jingli Sun 2 and Jun Shen 1,*[image: Orcid]





1



School of Materials Science and Engineering, Tongji University, Shanghai 201804, China






2



Shanghai Spaceflight Precision Machinery Institute, Shanghai 201600, China









*



Correspondence: junshen@tongji.edu.cn; Tel.: +86-21-6958-1009







Received: 11 May 2018 / Accepted: 5 June 2018 / Published: 11 June 2018



Abstract

:

A type of advanced γ-TiAl-based alloy called β-solidifying γ-TiAl has elicited remarkable research interest in the last few decadesbecause of its excellent workability and homogeneous microstructures. Thermomechanical treatments are widely applied to this alloy to obtain fine duplex microstructures. To investigate the deformation behavior and microstructure evolution of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy, we conducted a series of hot compression tests at a temperature of 1473 K and a strain rate of 0.01 s−1. Scanning electron microscopy, electron backscattered diffraction, and transmission electron microscopy were performed to analyze the crystal orientation and microstructures of the alloy. During compression at 1473 K, β/B2→γ transition and α2/γ lamellae→γ+β/B2 transition occurred simultaneously, which increased the content of the γ phase and decreased the content of the α2 phase. The lamellar colonies exhibited distinct anisotropy, which could affect their hot deformation behavior. The colonies that remained after compression had strong texture components.
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1. Introduction


Intermetallic γ-TiAl-based alloys are promising candidates for high-temperature structural application in the aerospace and automotive industries [1,2]. A type of advanced γ-TiAl-based alloy called β-solidifying TiAl has been recently developed [3]. This alloy usually contains relatively low Al content and β-stabilizing elements, such as Nb, Mo, and Cr, which make the alloy solidify via the β-single phase field and maintain a certain amount of β/B2 phase (B2 stands for ordered β phase at low temperatures). Therefore, β-solidifying TiAl alloys always present excellent workability, fine and homogeneous microstructures, weak textures, and minimal segregation [4]. These characteristics make such alloys attractive not only in cast applications but also in thermomechanical processes. The aim of thermomechanical treatment of γ-TiAl-based alloys is to develop a refined and homogeneous microstructure that exhibits improved mechanical properties and a broad process window for secondary processing [5]. Despite the application of different thermomechanical treatments, such as forging, hot extrusion, and hot pack rolling, the microstructures inevitably transform from lamellar or near-lamellar structures into duplex ones [6,7,8,9]. Generally, a deformed microstructure is highly inhomogeneous because of the mechanical anisotropy of lamellar colonies and different intrinsic deformation mechanisms between colonies and phases situated at the colony boundaries [10]. Polysynthetically twinned (PST) crystals which are regarded as a single colony have been the subject of intensive studies on estimating yield stress as a function of lamellar orientation [11,12,13]. This condition indicates that tensile elongation and yield stress strongly depend on the orientation of PST crystals. Furthermore, micropillar compression experiments are frequently performed with γ-TiAl-based alloys to understand the deformation mechanisms and size effects with as minimal interference as possible [14,15]. However, the deformation mechanism of multi-phase TiAl alloys with random orientations of colonies remains unclear. Moreover, the phase transformations of β-solidifying γ-TiAl alloys often occur during hot deformation, which is associated with the phase-field temperature [16]. Unlike conventional engineering γ-TiAl-based alloys which only consist of γ and α2 two phases, a significant amount of β/B2 phase often exists in β-solidifying γ-TiAl alloys. The phase transformation sequence is quite different, depending on the content and type of the β-stabilizing element and the content of the Al element [17]. However, the phase diagram of the alloy studied in this work is still unknown, and an alloy with a closer composition, called TNM, can be used as a reference. Below the eutectoid temperature, β-phase fraction increases with increasing temperature. When the temperature is over the eutectoid temperature, γ-phase and β-phasefraction decreases with increasing temperature. When the temperature reaches the γ-solvus temperature, α-phase fraction reaches the maximum value and γ-phase seems to vanish [18]. Understanding the phase transformations and deformation mechanisms of β-solidifying γ-TiAl alloys is essential for optimizing the thermomechanical processes of these alloys.



This investigation aimed tounderstand the hot deformation behavior of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy during uniaxial hot deformation. Hot compression tests were conducted at a strain rate of 0.01 s−1 and a temperature of 1473 K. The α2 colony orientation represented the entire colony orientation at the deformation temperature (1473 K), which was set to above the eutectoid temperature and situated inthe three-phase region. The α2 colony orientation and phase distribution were studied by electron backscattered diffraction (EBSD) method, and other details about phase transitions and deformation mechanism were studied using transmission electron microscopy (TEM) method.




2. Materials and Methods


In this work, a β-solidifying γ-TiAl-based alloy with a nominal composition of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B (in at. %) was investigated. The cast ingot of this alloy was melted twice by a vacuum arc, remelting to obtain a billet with approximately 200 mm diameter and 500 mm length. Cylindrical samples with 8 mm diameter and 12 mm height were cut from the ingot by electrodischarge machining. The temperatures of the phase transitions in as-cast Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy were investigatedby differential scanning calorimetry (DSC) experiments.The DSC test was performed at a heating rate of 20 K/min under pure Ar (99.9999%) using a NetzschSTA449F3 heat flux calorimeter (NETZSCH Scientific Instruments Trading (Shanghai) Ltd., Shanghai, China). Hot compression tests were performed on a Gleeble 3500 machine (Dynamic Systems Industry, New York, NY, USA). As illustrated in Figure 1a, three samples were uniaxially compressed by 20%, 40%, and 60% reduction in height and cut along the compression axis by electrodischarge machining. The metallography and microstructure observation positions are shown in Figure 1b. The metallograph shows that the deformed microstructures were uniform and sound. Figure 1c shows the hot compression process. The samples were heated up to 1473 K at a heating rate of 7 K/s and the temperature was maintained at 1473 K for 120 s to ensure thermal homogeneity. The strain rate was 0.01 s−1. After compression, the samples were immediately quenched with water to maintain the thermo-mechanical treated microstructure features. The microstructures of the as-cast and as-compressed samples were investigated via scanning electron microscopy (SEM; Quanta 400 FEG, FEI Company, Hillsboro, OR, USA) in the backscattered electron (BSE) mode at an acceleration voltage of 20 kV. The phase distribution and crystal orientation were characterized by EBSD (Oxford Instruments, Oxford, UK) with step sizes of 0.1–0.15 μm with a scanning electron microscope (Quanta 450, FEI Company, Hillsboro, OR, USA). The EBSD data were analyzed using the HKL Channel 5 software (Oxford Instruments, Oxford, UK). The samples were electrochemically polished with a 6 vol% perchloric acid, 34 vol% n-butyl alcohol, and 60 vol% methanol electrolyte operating at 60 V and −30 °C for SEM and EBSD characterization. The phase composition of as-cast and hot compression samples was determined using X-ray diffraction (XRD) on XD-6 machine (Persee Inc., Beijing, China). TEM characterization was conducted on a JEM-2100F (JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 200 kV. Thin foils prepared for TEM analysis were mechanically polished to a thickness of 60–80 μm and twin-jet polished with a 6 vol% perchloric acid, 34 vol% n-butyl alcohol, and 60 vol% methanol electrolyte operating at 45 V and −30 °C.




3. Resultsand Discussion


3.1. Initial Microstructure


The initial microstructure of the as-cast Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy for the hot compression experiments is presented in Figure 2. Figure 2a shows that the as-cast microstructure mainly consisted of fine and homogeneous lamellar α2/γ colonies surrounded by γ+ β/B2 two-phase mixtures. The average colony size was ~100 μm. The features of the α2/γ lamellae are further resolved in Figure 2b. The mean thickness of the γ laths was ~0.5 μm and that of the α2 laths was ~0.1 μm. The γ and α2 laths satisfied the Blackburn orientation relationship determined by selected area electron diffraction (SAED) patterns [19]. Furthermore, the orientation of the α2 laths was the same,and six types of variants were found in the γ laths in an entire colony [10]. The inverse pole figure (IPF) map (Figure 2c) shows the random grain orientation of the as-cast microstructure (most of the α2 laths in colonies were too thin to resolve), which confirms that the initial microstructure had a weak texture because of β solidification.




3.2. Uniaxial Hot Compression Tests


Figure 3 shows the experimentally derived true strain-stress (S-S) curves from the hot deformation tests compressed to 20–60% reduction at a strain rate of 0.01 s−1 and a temperature of 1473 K. The corresponding microstructures after hot compression are shown in Figure 4. All of the S-S curves show a pronounced stress peak in the early stage of compression. With increasing strain, the flow stress continuously decreased to a steady-state plateau. Commonly, the stress peak is related to the competition effect between work hardening and flow softening (i.e., dynamic recrystallization (DRX), flow instability etc.) [20]. After the stress peak, the DRX softening mechanism dominatedthe competition, and the defect density decreased. The DRX process began at a low strain (ε = 0.05 to 0.1) [16]. After 20% compression, the microstructure (Figure 4a) of Sa (Sa presents the 20% compressed sample) changed slightly compared with the initial microstructure (Figure 1a). Several lamellar colonies were bended or kinked. Tiny lens-shaped γ-grains (γlens) were observed within the β/B2 phase and further analyzed by TEM. As the compression increased to 40%, numerous kink bends and bent lamellae were observed, as indicated in Figure 4b, which shows the microstructure of Sb (Sb represents the 40% compressed sample). The colony size of Sb decreased compared with that of Sa (Figure 4a) due to the spheroidization and fragmentation of the lamellae and the DRX in the γ+ β/B2 mixtures. Parts of the lamellar colonies rotated or elongated because of local stress. When the compression reached 60%, the deformed microstructure (Figure 4c) of Sc (Sc represents the 60% compressed sample) primarily consisted of remnant lamellar colonies and α2+γ+β/B2 mixtures situated among colonies. Additionally, the remnant lamellar colonies were fine and had a preferred orientation. The deformation behavior of β-solidifying γ-TiAl-based alloys exhibits different features, which depend on the specific phase field region in which hot deformation is produced [16,21]. Given that the compression temperature was 1473 K in this work, within the (α/α2+γ+β/B2) field of the Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy, the DRX process of γ and β/B2 grains, the spheroidization and fragmentation of the lamellae, the rotation of the lamellar colonies, and the phase transitions occurred simultaneously during compression. Therefore, the dynamic softening of the S-S curves was caused not only by the DRX process but also by the flow localization and phase transitions.




3.3. Microstructure Evolution


Figure 5a shows the central part of the Ti-Al phase diagram [22]. The eutectoid temperature (Teu) is very important in this phase diagram, over which the γ+α2→α transition occurs. In the Ti-Al phase diagram, Teu is 1120°C (1393 K). Figure 5b shows the DSC trace of as-cast alloy. It indicates that Teu is 1178 °C (1451 K) and γ-solvus temperature (Tα) is 1320 °C (1593 K). The eutectoid temperature rises due to Nb addition. Furthermore, since the phase transformations in Ti-Al system are sluggish, the phase transformation temperature might be higher than the actual value. Figure 6 shows the XRD patterns of as-cast alloy, Sa, Sb and Sc. The XRD patterns of as-cast alloy illustrate that there are γ, α2, and β/B2 three phases in the initialmicrostructure, which is consistent with previous discussion (Section 3.1). However, the differences among the XRD patterns of Sa, Sb and Sc are not significant due to the fact that phase transitions during hot deformation are too subtle to be detected by XRD. Figure 7a–c shows the morphology and distributions of the different phases in Sa, Sb, and Sc, respectively. Figure 7d shows specific phase fractions in different states. In the as-cast microstructure, γ, α2, and β/B2 accounted for 84.5%, 5.37%, and 10.2%, respectively. With anincrease in deformation, the content of the γ phase increased from 34.5% to 53.3%, whereas the content of the α2 phase decreased from 50.4% to 27.8%. In the β/B2 phase, the regularity was not obvious. When the samples were heated to 1473 K, which is above the eutectoid temperature [23], the γ laths within the colonies began to dissipate, and the α2 phase became the matrix phase of lamellar colonies. This phenomenon can also be verified by the phase fraction in Figure 7a to a certain extent because deformation exerts no significant effect on the phase transitions. Meanwhile, the lens-shaped γ grains precipitated from β/B2 grains even with small deformation, as shown in Figure 4a and Figure 9a. The deformation-induced β/B2→γ transition probably occurred at 1473 K. The variation law of the γ and α2 phases during compression was mostly ascribed to α2/γ lamellae→γ+β/B2 transition. Similar results have been reported by other studies [21,24].




3.4. Lamellar Orientation Evolution


Figure 8a,c,e show the IPF maps of the α2 phase in Sa, Sb, and Sc, respectively. Each colony of a respective sample is denoted by CxN (C stands for colony, x stands for the sample name, and N stands for the colony number). For example, Ca1 stands for the first colony in Sa. Figure 8b,d,f shows the pole figures corresponding to the IPF maps shown in Figure 8a,c,e, respectively. The deformation modes are defined by the angle φ between the compressive direction and the colony orientation [15]. The lamellar orientation is presented by the α2 colony orientation because the α2 phase is the matrix phase of the lamellar colonies and α2 laths have the same orientation in an entire colony. The colonies can be classified into three deformation modes, namely, hard mode I (0° < φ < 15°), soft mode (15° < φ < 75°), and hard mode II (75° < φ < 90°) [1]. In Sa, several colonies, namely, Ca2, Ca5, Ca7, Ca8, Ca12, and Ca13, retained their own orientations. The deformation mode of Ca2, Ca5, Ca7, Ca8, and Ca12 was hard mode I, whereasthe deformation mode of Ca13 was hard mode II. Additionally, the orientations of the other colonies varied continuously. The most common deformation mode in the colonies was the soft mode, except for Ca6, in which the mode varied from hard mode II to soft mode. The orientation ofthe α2 laths in Ca15 rotated over 40°, and Ca4, Ca5, Ca6, and Ca7 began to spheroidize or decompose. The spheroidization behavior of the lamellae strongly depended on the orientation, and the lamellae in hard modes I and II had a higher tendency to spheroidize than those in soft mode. These results are consistent with those of previous research [25]. In Sb, with anincrease in deformation, nearlyall of the colonies were deformed or spheroidized. For example, several laths in Cb9, Cb10, and Cb12 remained, whereas the rest were spheroidized. This phenomenon is illustrated in Figure 9c, which depicts that the lamellae were spheroidized and affected by γ twins, as reported by a similar study [26]. Local shear deformation may have occurred in certain colonies, such as Cb6, Cb14, and Cb16, thereby producing kink bands. The kink bands led to a rotation of the lamellae from hard mode I to soft mode. Figure 9b shows the kink band in the colony. One identity lamella transformed into two pieces with a kink bend between them due to the shear stress. The original colonies in hard mode I disappeared and transformed into colonies in soft mode because of kink bends. In Sc, fewer colonies remained because of the expansion of the DRX region, most of which were in soft mode (Cc1, Cc2, Cc6, Cc7, and Cc8) or hard mode II (Cc3, Cc4, and Cc5). Notably, colonies tended to rotate during compression in soft mode in each sample [27]. The pole figures (Figure 8b,d,f) confirm the previous discussion in this section. The colonies had a weak texture at the early deformation stage, and all three modes of colonies appeared in Sa. With an increase in deformation, the colonies in hard mode I transformed into colonies in soft mode by kinking, and the colonies in soft mode rotated close to the orientation in hard mode I. By contrast, the colonies in hard mode II spheroidized and retained their own orientation. Strong texture components were observed in the remnant colonies.





4. Conclusions


Various hot compression tests were conducted at a temperature of 1473 K and a strain rate of 0.01 s−1 to investigate the microstructure transformation and lamellar orientation evolution of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy. The following conclusions were obtained.




	
The S-S curves showed a pronounced stress peak, and with increasing strain, the flow stress continuously decreased until it reached a steady-state plateau. The dynamic softening of the S-S curves was caused by the DRX process, flow localization, and phase transitions.



	
With anincrease in deformation, the content of the γ phase increased, whereasthe content of the α2 phase remarkablydecreased. For the β/B2 phase, the regularity was not apparent. The phase transitions β/B2→γ transition and α2/γ lamellae→γ+β/B2 transition occurred simultaneously during the deformation at 1473 K.



	
The deformation behavior of the colonies exhibited anisotropy. The colonies in hard mode II spheroidized and retained their own orientation, whereas the colonies in hard mode I transformed to colonies in soft mode by kinking. The colonies in soft mode rotated close to the orientation in hard mode II. The remnant colonies were close to hard mode II.
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Figure 1. (a)Processing parameters of thermomechanical treatment; (b) diagram of samples after thermomechanical treatment. The black arrow shows the compressive direction; (c) metallograph of each sample. The black rectangle marks the microstructure observation position. 
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Figure 2. Microstructure of as-cast Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy: (a) SEM image in BSE mode. The γ phase is dark gray, the α2/γ colonies are light gray, and β/B2 is white; (b) TEM image of the α2/γ lamella. The top-right corner image shows the corresponding SAED patterns of α2/γ lamella, and the white circle marks the selected area; (c) IPF map. 
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Figure 3. True stress-strain curves of the as-cast Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy. 
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Figure 4. SEM images of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy compressed at 1473 K and a strain rate of 0.01 s−1: (a) 20% reduction; (b) 40% reduction; and (c) 60% reduction. CD denotes the compressive direction, and in all images, the compressive direction is vertical. 
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Figure 5. (a) Central portion of the binary Ti-Al phase diagram as described by Kothari et al. [22]; (b) heat flux DSC trace obtained from Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy. 
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Figure 6. XRD patterns obtained from as-cast Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy, 20% reduction sample, 40% reduction sample and 60% reduction sample. 
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Figure 7. Phase maps of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy compressed at 1473 K with a strain rate of 0.01 s−1: (a) 20% reduction; (b) 40% reduction; (c) 60% reduction; and (d) phase fraction graph. 
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Figure 8. IPF maps and corresponding pole figures of the α2 phase of Ti-44Al-4Nb-1.5Cr-0.5Mo-0.2B alloy: (a,b) 20% reduction, (c,d) 40% reduction, and (e,f) 60% reduction. CD denotes the compressive direction, and RD denotes the radial direction. 
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Figure 9. Bright-field TEM images showing the microstructures after 40% reduction: (a) γlens precipitated in β/B2 phase; (b) kink band in α2/γ lamella; and (c) γ twins and DRX γ grains corresponding SAED patterns are shown in the corner. 
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