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Abstract

:

In this study, reliable Ti2AlNb/high-Nb-containing TiAl alloy (TAN) joints were achieved by diffusion bonding. The effects of bonding temperature and holding time on the interfacial microstructure and mechanical properties were fully investigated. The interfacial structure of joints bonded at various temperatures and holding times was characterized by scanning electron microscopy (SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD). The results show that the typical microstructure of the Ti2AlNb substrate/O phase/Al(Nb,Ti)2 + Ti3Al/Ti3Al/TAN substrate was obtained at 970 °C for 60 min under a pressure of 5 MPa. The formation of the O phase was earlier than the Al(Nb,Ti)2 phase when bonding temperature was relatively low. When bonding temperature was high enough, the Al(Nb,Ti)2 phase appeared earlier than the O phase. With the increase of bonding temperature and holding time, the Al(Nb,Ti)2 phase decomposed gradually. As the same time, continuous O phase layers became discontinuous and the Ti3Al phase coarsened. The maximum bonding strength of 66.1 MPa was achieved at 970 °C for 120 min.
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1. Introduction


As new lightweight and high-temperature structure materials, Ti2AlNb alloy and high-Nb-containing TiAl alloys (abbreviated as TAN alloys) have received significant attention in the aerospace field [1,2,3]. The addition of the Nb element gives them excellent properties, such as low density, high specific strength, favorable oxidation, creep resistance [4], and especially high temperature properties. The serving temperatures of Ti2AlNb alloys and TAN alloys are 650–700 °C and up to 900 °C, respectively [5,6]. Based on the above advantages and their different serving temperatures, the two alloys have become the most promising candidates for hot-section components with temperature gradients in aero-engines [7,8,9]. However, it is difficult to make them into large-scale and complex components, due to their poor workability [10,11]. Therefore, it is significant and necessary to join them together, in order to make full use of their respective advantages and extend their applications.



Up to now, fusion welding, friction welding, and brazing have been employed for joining Ti3Al based alloys or TiAl based alloys. However, defects such as cracks and voids usually appear in the joints obtained by fusion or friction welding, which can lead to hidden dangers in practical applications [12,13,14]. In brazing, the addition of filler can easily introduce impurities [15,16]. Diffusion bonding, an advanced and efficient method, has been proven to overcome the problems encountered in the above-mentioned welding techniques [17,18,19]. Some studies on diffusion bonding TiAl based alloys using interlayers such as Ni and Ti/Al have been reported [20,21]. In addition, several researchers have attempted to join Ti2AlNb based alloys by direct diffusion bonding [22,23]. Sound joints were obtained, and the joint strength was almost equal to the substrate strength using this technique. However, these previous studies mainly focused on joining the same, rather than different kinds of, Ti-Al based alloys. To date, reports on joining different kinds of Ti-Al based alloys are rare. Zou et al. [24] joined Ti-22Al-23Nb-2Ta alloy and Ti-46.2Al-2Cr-2Nb-0.15B alloy by direct diffusion bonding. At low temperature, the Al(Nb,Ti)2 phase was formed in the interface region adjacent to the O phase. When bonding temperature was relatively high, the Al(Nb,Ti)2 phase did not form, but a B2-enriched zone formed instead after long bonding time.



In our work, direct diffusion bonding was applied to join a Ti2AlNb (Ti3Al-based) alloy and a TAN (TiAl-based) alloy. The interfacial microstructure of bonded joints was characterized, and its evolution with changing bonding temperature and holding time was investigated. The shear strength of joints was tested, and surface analyses of the fracture were conducted to understand the mechanism of the fracture.




2. Experimental Section


In this study, a Ti2AlNb alloy with a nominal composition of Ti-22Al-25Nb (atom %) was provided by BaoTai Group, Shanxi, China. TAN alloy (Ti-45Al-8.5Nb (W, B, Y) (atom %)) was provided by the State Key Laboratory for Advanced Metals and Materials, Beijing, China. Figure 1 shows backscattered electron (BSE) images and X-ray diffraction (XRD) patterns of the Ti2AlNb and TAN alloys. It reveals that the Ti2AlNb alloy was composed of black α2-Ti3Al phase, grey O-Ti2AlNb phase, and little white B2 phase around the α2-Ti3Al phase (Figure 1a), and the TAN alloy consisted of γ-TiAl phase, α2-Ti3Al phase (in lamellar colony structure [10]), and a little Nb-rich phase (Figure 1c).



Before the bonding experiment, both Ti2AlNb alloy and TAN alloy were cut into two kinds of rectangular specimens, with dimensions of 5 mm × 5 mm × 3 mm and 20 mm × 10 mm × 3 mm, by linear cutting. The joining surfaces of all specimens were ground by SiC grit papers down to 2000 grit, then cleared ultrasonically in acetone solution for ~20 min and dried by air blowing. Ti2AlNb alloy was well overlapped on TAN alloy under a pressure of 5 MPa; the schematic diagram of assembling parts is shown in Figure 2a. Bonding took place in a furnace under a vacuum of 1.3–2.0 × 10−3 Pa. First of all, the bonding specimens were heated to bonding temperature (930 °C–1010 °C) at a rate of 20 °C/min. Afterwards, they were held for a certain time (60 min to 150 min), and then cooled down to 600 °C at a rate of 10 °C/min. Eventually, the specimens were cooled down to room temperature spontaneously in the furnace.



After direct diffusion bonding, the cross-sections of the Ti2AlNb/TAN bonded joints were characterized by scanning electron microscopy (SEM, MERLIN Compact, Zeiss) (Stuttgart, Germany), and the composition of each phase in the joints was analyzed by energy dispersive spectrometer (EDS, OCTANE PLUS, EDAX) (Mahwah, NJ, USA). The shear tests were conducted at a constant speed of 0.5 mm/min by a universal testing machine (5967, Instron, Boston, MA, USA), and the schematic diagram of the shear test experiment is shown in Figure 2b. At least five samples obtained in same bonding condition were used to determine the average shear strength. SEM, EDS, and X-ray diffraction spectrometer equipped with Cu-Kα (XRD, DX-2700, Dandong Haoyuan Instrument Co., Ltd., Dandong, China) were applied to identify the fracture locations and phases on the fracture surface.




3. Results and Discussion


3.1. Typical Interfacial Microstructure of Ti2AlNb/TAN Bonded Joints


Figure 3a illustrates the typical interfacial microstructure of Ti2AlNb/TAN joints bonded at 970 °C for 60 min under a pressure of 5 MPa. It shows that reliable bonded joints without any pores or microcracks were achieved. In order to further investigate the interfacial microstructure of the Ti2AlNb/TAN bonded joints, a high-magnification image is given in Figure 3b. For a better description, the joint can be divided into three zones according to the different morphology. Zone I, adjacent to the Ti2AlNb substrate, was a continuous light gray layer (marked as D). Zone II mainly consisted of alternating black and white particles (marked as E and F, respectively). Zone III, adjacent to the TAN substrate, was alternating dark grey and black particles (marked as G and H, respectively). The corresponding EDS results of each phase in the joints are listed in Table 1. The EDS result of spot D in zone I suggests the presence of Ti, Al, and Nb in ratio of 2:1:1, which corresponds to O phase. Spots E in zone II, and G and H in zone III, mainly contained Ti and Al. The content of Ti was higher than that of Al. Combined with their morphology, similar to that of the α2-Ti3Al phase in the Ti2AlNb substrate, the phases could be regarded as α2-Ti3Al phases with different content of Nb. In addition, according to the experimental isotherm section of Ti-Al-Nb at 1000 °C [25] and in Reference [24], the white phase (marked as spot F) in zone II was an Al(Nb,Ti)2 phase. The components of the Ti2AlNb substrate adjacent to the joint are also given in Table 1. Obviously, the microstructure of theTi2AlNb substrate also consisted of grey O phase, black α2-Ti3Al phase, and white B2 phase, but it is worth mentioning that the quantity of B2 phase in the Ti2AlNb substrate adjacent to the joint was higher than in the area far from the joint. Therefore, the typical interfacial microstructure of Ti2AlNb/TAN joint bonded at 970 °C for 60 min was Ti2AlNb substrate/O phase/Al(Nb,Ti)2 + Ti3Al/Ti3Al/TAN substrate.



Based on the above analyses on the interfacial microstructure of the bonded Ti2AlNb/TAN joint and the microstructure of the Ti2AlNb substrate adjacent to the seam, the proposed evolution of the bonded joint is as follows. Due to the concentration gradients of Al and Nb atoms for the two substrates, in the bonding process, Al atoms diffused from the TAN substrate to the Ti2AlNb substrate, and Nb atoms diffused in the opposite direction. Moreover, the diffusion velocity of Al atoms was faster than that of Nb atoms, because the atomic mass of Al atoms is only a quarter of that of Nb atoms. For the Ti2AlNb substrate, a part of the O phase gradually transformed into B2 phase in the processes of heating and isothermal periods, according to the diagram of Ti3Al-Nb [26]. Therefore, when Al atoms diffused to the Ti2AlNb substrate, the B2 phase combined with Al atoms to generate Al(Nb,Ti)2 phase and Ti3Al phase by eutectoid reaction of Ti2AlNb(B2) + Al → Al(Nb,Ti)2 + Ti3Al. Hence, the (Al(Nb,Ti)2 + Ti3Al) mixed layer (zone II) was formed [27]. The Al(Nb,Ti)2 phase possessed the same structure as the AlNb2 phase, but was different from the common AlNb2 phase. The reason for formation of Al(Nb,Ti)2 phase was that Nb atoms in AlNb2 phase were partly replaced by Ti atoms with solid solution of Ti at high temperature [24]. Therefore, zone I could be regarded as a phase transformation zone. After the mixed zone II formed, excess Al atoms passed through the mixed layer into the Ti2AlNb substrate. As an Nb-rich and Al-depleted phase, B2 phase transformed into O phase when the concentration of Al exceeded its solubility in B2 phase. Afterwards, Nb atoms in B2 phase started to diffuse into other phases. Moreover, α2 phase was an Al-rich and Nb-depleted phase, so Nb atoms easily diffused into α2 phase and distorted its lattice, leading to the transformation of α2 phase into O phase. Eventually, a continuous O phase near the Ti2AlNb substrate in zone I was formed. In brief, the formation of zone I was mainly caused by the transformation of B2 phase and α2 phase. Zone III, containing Ti3Al phase, could also be regarded as a phase transformation zone. It was formed by the following two aspects: On one hand, a reaction of 3TiAl → Ti3Al + 2Al occurred, with the Al atoms decreasing. On the other hand, partial Ti atoms diffused to the TAN alloy and took part in the reaction of TiAl + 2Ti → Ti3Al [28].




3.2. Effect of Bonding Parameters on the Interfacial Microstructure of Ti2AlNb/TAN Joints


It is well known that bonding parameters play important roles in the interfacial microstructure of bonded joints. Therefore, the interfacial microstructures of joints bonded at various parameters were characterized, as shown in Figure 4 and Figure 5. The corresponding EDS results of the spots marked in Figure 5c are listed in Table 2.



Figure 4a,b shows that some pores existed at the interface. This may have been because the bonding temperature was not high enough to cause considerable plastic deformation and/or enough atomic diffusion to guarantee complete contact. In addition, only O phase and Al(Nb,Ti)2 phase formed at the joints bonded at 930 °C and 950 °C, respectively, which is why the diffusion of Nb atoms was not sufficient to form Al(Nb,Ti)2 phase. On the other hand, Al atoms directly diffused into the Ti2AlNb substrate, causing the transformation of B2 phase and α2 phase into O phase (Figure 4a). When the temperature was high enough, as at 950 °C, the diffusion of Nb atoms was accelerated and the Nb atoms easily accumulated in the concentrations required to form the Al(Nb,Ti)2 phase [24]. In this case, Al atoms mainly participated in the formation of the Al(Nb,Ti)2 phase (Figure 4b). As temperature further increased to 970 °C, in addition to taking part in the formation of Al(Nb,Ti)2 phase, Al atoms also passed through the mixed layer to the Ti2AlNb substrate and formed the O phase, as shown in Figure 4c. Figure 4c–e shows that the Al(Nb,Ti)2 phase decreased gradually with increasing bonding temperature. High temperature enhanced the diffusion of Nb to the Ti2AlNb substrate, leaving insufficient Nb at the interface to form Al(Nb,Ti)2 phase [29]. As to the Ti3Al layer, its thickness obviously increased with the increase of the bonding temperature.



Figure 5 shows the evolution of the interfacial microstructure of Ti2AlNb/TAN joints bonded at 970 °C. Well-formed joints with no defects were obtained every time. With extended holding time, the amount of Al(Nb,Ti)2 phase reduced gradually, and eventually nearly disappeared when the holding time reached 120 and 150 min. In the isothermal period, along with the diffusion of Nb atoms, the concentration of Nb in the Al(Nb,Ti)2 phase decreased gradually, resulting in its decomposition. Along the TAN substrate, a Ti3Al transition layer consisting of two kinds of Ti3Al phases with different concentrations of Nb formed. The formation of one Ti3Al phase (marked as C) was due to the decomposition of Al(Nb,Ti)2 phase. The formation mechanism of the other one was the same as that of the Ti3Al phase marked as G in Figure 3b. The Ti3Al transition layer thickened and coarsened when holding time reached 150 min. On the other hand, the O phase layer became discontinuous, which resulted from the durative diffusion of Nb from Ti2AlNb to O phase inducing the transition of O phase to B2 phase.




3.3. Bonding Properties and Fracture Morphology of Bonded Ti2AlNb/TAN Joints


Figure 6 illustrates the effect of bonding temperature and holding time on the average shear strength of the bonded Ti2AlNb/TAN joints. It shows that the average shear strength exhibited the same tendency, first increasing and then decreasing, in both increasing temperature and time tests.



In order to further explore the fracture mechanism of the joints, fracture analyses were carried out. Furthermore, the relationship between interfacial microstructures and joining properties was established. Figure 7 shows the cross-section BSE images and fractography of joints made at different bonding temperatures and holding times, taken after shear test. The corresponding EDS results were listed in Table 3. All the fracture presented characteristic cleavage facets. As shown in Figure 7a–b, it was observed that the cracks mainly initiated in the mixed layer, which consisted of Al(Nb,Ti)2 (spot A) and Ti3Al phases (spot B). The fracture, which was obtained at 970 °C for 60 min (Figure 7c–d), also included Al(Nb,Ti)2 (spot C) and Ti3Al phases. However, it can be clearly seen that there were two types of Ti3Al phases with different contents of the Nb element. The Ti3Al phase with lower content of Nb (spot D) lay in the Ti3Al layer, and the one with the higher content of Nb (spot E or F) lay in the mixed layer. It can therefore be concluded that the cracks were mainly through the mixed layer and the Ti3Al layer. For further analyses, XRD analysis of the fracture surface on the TAN side after shear test of the joints at 970 °C/60 min/5 MPa was carried out, for which the XRD patterns are given in Figure 8. According to the results shown in Figure 8, Al(Nb,Ti)2 phase, which had the same structure as AlNb2 phase [24], and Ti3Al phase were detected from the fracture surfaces. The above results further confirmed the above analyses. When the holding time was extended to 120 min (Figure 7e–f), the fracture surface mainly consisted of TiAl phase (spot G) and two kinds of Ti3Al phase (spots H and I). It was concluded that there was little Al(Nb,Ti)2 phase either in the joints or in Ti3Al transition layer. The joints mainly fractured in the Ti3Al transition layer, and partly in the interface between the Ti3Al transition layer and the TAN substrate, which had the maximum shear strength. With holding time extended to 150 min (Figure 7g–h), the fracture only included two types of Ti3Al phase (spots J and K). Hence, the crack initiated and propagated in the transition layer.



For the joints created at 930 °C for 60 min, plenty of pores existed in the joints, decreasing the real bond area. Shear strength was therefore poor. As the bonding temperature increased, a compact contact was guaranteed and sufficient reactions occurred, following the interdiffusion of atoms. Continuous intermetallic compounds (IMCs) layers, including O phase layer, (Al(Nb,Ti)2 + Ti3Al) mixed phase layer, and Ti3Al phase layer (in Figure 4), formed at the interface. Therefore, an increasing shear strength was obtained, with the highest 52.9 MPa, achieved in joints made at 970 °C for 60 min. Whereas, with the further increase of bonding temperature, the Ti3Al layer thickened and Ti3Al grains coarsened, apparently decreasing the shear strength.



As the holding time increased, the Al(Nb,Ti)2 phase decomposed gradually and the Ti3Al transition layer formed (in Figure 5), which increased the shear strength of the joints [24]. The shear strength increased steadily and reached its highest value of 66.1 MPa at 970 °C for 120 min, as shown in Figure 6b. With the holding time further increased, despite the fact that the reduction of Al(Nb,Ti)2 phase was beneficial to performance of the joints, the mechanical properties of the joint still decreased by reason of thickening of the Ti3Al transition layer and coarsening of Ti3Al grains.



Based on the above analysis of interfacial microstructure and fracture results, it was concluded that the Al(Nb,Ti)2 phase was detrimental to the Ti2AlNb/TAN bonded joints, due to its hardness and brittleness. High bonding temperature or long holding time enhanced the diffusion of atoms, which caused the decrease of Al(Nb,Ti)2 phase and therefore better bonded joints. However, further increase of the bonding temperature or the holding time promoted the excessive growth of Ti3Al phase, which resulted in a decrease of the shear strength of Ti2AlNb/TAN bonded joints.





4. Conclusions


Bonding a Ti2AlNb alloy to a TAN alloy was achieved successfully by direct diffusion bonding. The effects of bonding temperature and holding time on the interfacial microstructure and mechanical properties of Ti2AlNb/TAN bonded joints were investigated in detail. Primary conclusions are summarized as follows.



	(1)

	
The typical interfacial microstructure of the Ti2AlNb/TAN joints bonded at 970 °C for 15 min under a pressure of 5 MPa was Ti2AlNb substrate/O phase/Al(Nb,Ti)2 + Ti3Al/Ti3Al/TAN substrate.




	(2)

	
Bonding temperature had a great influence on the priority of the formation of O phase and Al(Nb,Ti)2 phase. When bonding temperature was low, Al atoms diffused to the Ti2AlNb substrate directly, which caused the formation of O phase without Al(Nb,Ti)2 phase. When the bonding temperature was high enough, Nb atoms reached the desired concentration quickly. In this condition, Al atoms first reacted with B2 phase to generate Al(Nb,Ti)2 phase. Then, excess Al atoms passed though the mixed layer to the Ti2AlNb substrate and promoted the formation of O phase. As bonding temperature or holding time were further increased, Al(Nb,Ti)2 phase gradually decomposed into Ti3Al phase and a Ti3Al transition layer formed. Meanwhile, the O phase layer changed from a continuous state to a discontinuous one.




	(3)

	
The Al(Nb,Ti)2 phase was hard and brittle, so the initial fracture location mainly occurred in the mixed layer. With the decomposition of Al(Nb,Ti)2 phase and the formation of transition layer, the shear strength was improved, and the average value reached 66.1 MPa when Ti2AlNb alloy and TAN alloy were bonded at 970 °C for 120 min. The fracture location mainly occurred in the Ti3Al transition layer and the fracture mode was brittle fracture.
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Figure 1. Microstructure and X-ray diffraction (XRD) patterns of substrates. (a,b) Ti2AlNb, (c,d) TAN. 
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Figure 2. Schematic diagrams of (a) assembling diffusion bonding parts and (b) shear test experiment. 
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Figure 3. Typical interfacial microstructure of bonded joints at 970 °C/60 min/5 MPa. (a) Backscattered electron (BSE) image and (b) high-magnified image. 
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Figure 4. Interfacial microstructure of bonded joints for 60 min/5 MPa at different temperatures. (a) 930 °C, (b) 950 °C, (c) 970 °C, (d) 990 °C, and (e) 1010 °C. 
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Figure 5. BSE images of interfacial microstructure of bonded joints at 970 °C/5 MPa for (a) 60 min, (b) 90 min, (c) 120 min, (d) 150 min. 
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Figure 6. Effect of bonding parameters on the shear strength of joints. (a) Bonding temperature; (b) holding time. 
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[image: Metals 08 01061 g006]







[image: Metals 08 01061 g007 550] 





Figure 7. Fractured cross-section BSE images and fractography of the joints bonded at (a–b) 950 °C/60 min, (c–d) 970 °C/60 min, (e–f) 970 °C/120 min, and (g–h) 970 °C/150 min. (TAN side). 






Figure 7. Fractured cross-section BSE images and fractography of the joints bonded at (a–b) 950 °C/60 min, (c–d) 970 °C/60 min, (e–f) 970 °C/120 min, and (g–h) 970 °C/150 min. (TAN side).
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Figure 8. XRD patterns of the fracture surface after shear test of the joints bonded at 970 °C/60 min/5 MPa. 
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Table 1. Chemical compositions and possible phases of each spot marked in Figure 3b (atom %).






Table 1. Chemical compositions and possible phases of each spot marked in Figure 3b (atom %).





	Spot
	Ti
	Al
	Nb
	Possible Phase





	A
	54.84
	21.78
	23.37
	B2



	B
	55.24
	24.09
	20.67
	O



	C
	59.85
	24.91
	15.24
	α2-Ti3Al



	D
	52.25
	27.83
	19.93
	O



	E
	56.28
	26.87
	16.85
	α2-Ti3Al



	F
	42.55
	36.69
	20.75
	Al(Nb,Ti)2



	G
	54.53
	35.25
	10.22
	α2-Ti3Al



	H
	55.81
	27.84
	16.35
	α2-Ti3Al
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Table 2. Chemical compositions and possible phases of each spot marked in Figure 5c (atom %).






Table 2. Chemical compositions and possible phases of each spot marked in Figure 5c (atom %).





	Spot
	Ti
	Al
	Nb
	Possible Phase





	A
	52.34
	27.50
	20.07
	O



	B
	43.91
	34.80
	21.29
	Al(Nb,Ti)2



	C
	51.33
	33.45
	15.23
	α2-Ti3Al



	D
	56.78
	33.78
	9.43
	α2-Ti3Al



	E
	53.22
	35.89
	10.89
	α2-Ti3Al
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Table 3. Chemical compositions and possible phases of each spot marked in Figure 7 (atom %).






Table 3. Chemical compositions and possible phases of each spot marked in Figure 7 (atom %).





	Spot
	Ti
	Al
	Nb
	Possible Phase
	Corresponding IMC Layer





	A
	49.77
	38.29
	11.44
	Al(Nb,Ti)2
	mixed layer



	B
	51.91
	31.88
	16.22
	α2-Ti3Al
	mixed layer



	C
	44.82
	38.31
	16.87
	Al(Nb,Ti)2
	mixed layer



	D
	52.78
	33.74
	13.48
	α2-Ti3Al
	Ti3Al phase layer



	E
	50.09
	31.37
	18.54
	α2-Ti3Al
	mixed layer



	F
	50.28
	31.25
	18.47
	α2-Ti3Al
	mixed layer



	G
	44.63
	47.38
	8.00
	TiAl
	TAN substrate



	H
	58.16
	33.27
	8.57
	α2-Ti3Al
	transition layer



	H
	53.09
	31.47
	15.44
	α2-Ti3Al
	transition layer



	J
	52.67
	35.08
	12.25
	α2-Ti3Al
	transition layer



	K
	51.82
	30.72
	17.46
	α2-Ti3Al
	transition layer
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