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Abstract:



Tri-modal microstructure is often the target microstructure of titanium alloy components. In this study, the parameters, such as volume fraction, size of primary equiaxed α (αp), secondary lamellar α (αs) and thin α plates (αt) in tri-modal microstructure of Ti-6Al-2Zr-1Mo-1V alloy are adjusted by double heat treatment procedures. The properties of these constituent phases and their effect on the macro-properties are then investigated. The results show that the hardness of primary α (αp) varies slightly with heat treatment routes. The hardness of α plates region including αs and αt increases with increasing αt volume fraction and not with decreasing thickness of αs and αt. Using volume average of the thickness of αs and αt as effective thickness (teff), the hardness of α plates region and teff follow the Hall-Petch relationship. Meanwhile, as αt volume fraction increases, colony structure of αs is gradually destroyed, which makes each αs have large deformation degree by multiple directions slip. When volume fraction ratio of αp, αs and αt is about 1:1:1, αp and αs can undergo relatively large deformation and αt can contribute relatively large strength to the alloy and therefore the alloy has both good strength and ductility.
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1. Introduction


Titanium alloys are widely used to produce key bearing components, such as bulkhead [1] and landing gear forgings [2] in the aviation and aerospace industries. To meet the severe working conditions, excellent mechanical properties are required for these components. Mechanical properties are essentially dependent on the microstructures of titanium alloys. Tri-modal microstructure of titanium alloys (consisting of primary equiaxed α, αp, secondary lamellar α, αs, and transformed β matrix with thin α plates, αt, and residual β phase) which possesses the properties advantages of both bi-modal and widmanstätten microstructures, could meet the high service requirement and is often the target microstructure of titanium alloy components [3,4].



In tri-modal microstructure, there exist three α phases, namely αp, αs and αt, which are normally obtained by multiple processing steps, such as near-β rolling followed by solution and aging treatments [4], near-β forging and subsequent high and low temperature heat treatments [5]. In each processing step, these α phases would undergo complex transformations including precipitation, dissolve, and growth. After a series of transformations, the morphology, size, volume fraction and distribution of the three α phases would present different features and have different effects on the mechanical properties of final material. Moreover, the transformations of the three α phases are interrelated and therefore the evolutions of their parameters interact with each other. For example, as the deformation or heat treatment temperatures increase in the (α + β) phase field, the volume fraction of αp decreases and the volume fraction of αs increases correspondingly due to allotropic α/β phase transformation [6]. This interaction is more complex for tri-modal microstructure as compared to bi-modal and widmanstätten microstructures, since it has more types of α phase. Besides, the composition and defect density in α phases would also vary during their transformations. Normally, αp has a higher content of α stable element than αs due to alloy element partitioning effect [7,8], while αs contains a higher initial dislocation density compared to αp [9,10]. Due to the difference in solid solution and dislocation strengthening, α phases in tri-modal microstructure would show different properties. The properties evolution of α phases combined with the variation of their morphology, size, volume fraction and distribution would have complex effect on macroscopic properties of titanium alloys. Therefore, to obtain high-performance tri-modal microstructure, it is urgent to understand the evolution of three α phases and their effects on the mechanical properties of titanium alloys.



By now, some efforts have been spent on investigating the evolution of tri-modal microstructure. It is found that volume fraction of αp in tri-modal microstructure is influenced by the forging temperature and the subsequent heat treatment; however, to maintain about 15% αp in the final tri-modal microstructure, the forging temperature should at 10–20 °C below the β-transus temperature, namely near-β forging [3]. The volume fraction and thickness of αs are mainly affected by the difference of deformation or heat treatment temperatures between the first and second processing steps during producing tri-modal microstructure [11]. However, the evolution of αt in transformed β matrix and its correlation with αp and αs needs further investigation.



The evolution of α phases in tri-modal microstructure have a significant effect on the mechanical properties of titanium alloys. As the content of αp in tri-modal microstructure increases, the ultimate tensile strength (UTS) of the alloy decreases and the elongation increases [12]. However, it is pointed that when the content of αp is approximate 15–20%, tri-modal microstructures have the best comprehensive mechanical properties, since too much αp is detrimental to some mechanical properties, such as fracture toughness and resistance to the crack propagation [3,5]. Therefore, it is more important to study the effect of α plates on the mechanical properties of titanium alloys. Thin α plates are much harder than β phase due to their small size and hard to deform [13]. Besides, thin α plates produce a high number of α/β interfaces and have an attractive reinforcing effect to alloy [14]. While, large amount of dislocations can be activated and accumulated in thick α plates, which is helpful to improve the ductility of alloy [15]. Semiatin et al. [16] and Chen et al. [17] found that the thickness of α plates and the strength of titanium alloys follows a Hall-Petch relationship. These works investigated the effect of α plates thickness on the mechanical properties of titanium alloys. However, there exist αs and αt with different thicknesses in tri-modal microstructure and their effects on the mechanical properties of titanium alloys still need further study.



In this paper, tri-modal microstructures of TA15 (Ti-6Al-2Zr-1Mo-1V) alloy with about 20% αp and varied αs and αt contents are produced by double heat treatment procedures. The hardness of the microstructural constituents is investigated by indentation tests. The macroscopic properties of the alloy are studied based on the content, size, distribution, and properties of the microstructural constituents. It will deepen the understanding of the effect of microstructure on properties and provide a basis for microstructural design of titanium alloys.




2. Materials and Methods


The experimental material in this study is a TA15 alloy. The chemical composition (wt %) of the alloy is 6.69 Al, 2.26 Zr, 1.77 Mo, 2.25 V, 0.14 Fe, and balance Ti. The β-transus temperature of the alloy is 985 °C identified by a metallographic technique. The TA15 alloy is received in hot rolled plate form and the initial microstructure of the alloy consists of approximately 50% αp within the transformed β matrix.



To obtain tri-modal microstructures, double heat treatment procedures (as listed in Table 1) are carried out on TA15 alloy samples machined from the as-received plate. The samples are cuboid and their size is 130 mm × 25 mm × 11 mm. During procedure of first step heat treatment (FSH), the samples coated with a borosilicate glass paste were first heated to 965 °C in the near-β temperature range at a rate of 12 °C/min, soaked for 30 min to achieve thermal equilibration and then air cooled. Subsequently, during procedure of second step heat treatment (SSH), the samples were reheated to 10, 25 and 40 °C below the FSH temperature and then water quenched for S1, S2 and S3, respectively. The sample S4 was not carried out the SSH and was used to compare with the samples S1, S2 and S3. Finally, all the samples were annealed at 810 °C for 1 h and air cooled to stabilize microstructures.


Table 1. Double heat treatment routes of TA15 alloy samples.





	
Sample No.

	
First Step Heat Treatment

	
Second Step Heat Treatment






	
S1

	
965 °C/20 min/AC 1

	
955 °C/20 min/WQ 2




	
S2

	
940 °C/20 min/WQ




	
S3

	
925 °C/20 min/WQ




	
S4

	
-








1 AC—air cool; 2 WQ—water quench.








After heat treatment, the samples were sectioned using wire-electrode cutting to produce metallographic samples. Metallographic preparation of the samples was carried out by mechanical grinding with SiC paper, polishing with colloidal silica and etching with the corrosive solution of 13% HNO3 + 7% HF + 80% H2O. The microstructures were examined by VEGA TESCAN scanning electron microscope (SEM, TESCAN, Brno, Moravia, Czech Republic) equipped with energy dispersive X-ray spectrometer (EDX) and FEI Tecnai F30 transmission electron microscope (FEI, Hillsboro, OR, USA). The parameters of the microstructural feature were measured by IPP software packages (6.0, MC, Rockville, MD, USA). The aspect ratio of αp was determined by the ratio of its average horizontal and vertical intercept lengths.



The hardness of the microstructural constituents, namely αp and α plates region including αs and αt was examined by indentation tests. Indentation experiments were carried out using a Switzerland CSM instrument (CSM, Peseux, Neuenburg, Switzerland) with a Berkovich indenter. The maximum loads for αp and α plates are 25 mN and 200 mN, respectively. To avoid the effect of grain boundary, the indentation tests were performed at the center of each microstructural constituents. For each microstructural constituent, five indentation tests were carried out and the averaged value was taken as the result. The indentation load-displacement curves were used to calculate the hardness of microstructural constituents based on the Oliver-Pharr method [18]:


H = P/Ac



(1)




where P is the applied indentation load and the Ac is the contact area between an indenter and indented material at load P.



Uniaxial tension tests were used to determine the strength and elongation of the heat treated TA15 sample. The gauge length of the tensile samples is 35 mm and the thickness is 2 mm. Tension tests were performed at room temperature at a velocity of 2 mm/min using a CMT-5205 electric universal testing machine (SANS, Shenzhen, Guangdong, China). The strains were measured with a contact extensometer. The testing procedure was according to ISO 6892. Three tensile samples per heat treatment condition were tested for an average value of the UTS and elongation.




3. Results and Discussion


3.1. Microstructural Investigation


The microstructures of the alloy after different heat treatment routes are shown in Figure 1. After FSH and SSH, the microstructure consists of αp, αs and transformed β matrix with αt and residual β phase, which is tri-modal microstructure (see Figure 1a–c for S1, S2 and S3, respectively). The bi-modal microstructure consisting of αp and transformed β matrix is achieved for S4 (see Figure 1d).


Figure 1. Microstructures of TA15 alloy samples under different heat treatment routes: (a) S1, (b) S2, (c) S3, (d) S4.
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The sample S4 undergoes FSH and annealing. It is well known that when two phase titanium alloys are air cooled from (α + β) phase field, bi-modal microstructure is obtained [8]. The volume fraction of αp is mainly determined by heat treatment temperature and annealing may increase αp volume fraction to some extent [19]. The lamellar αs would precipitate during air cooling process after heat treatment. These αs plates are parallel to each other and form colony. Since the FSH of the four samples is same, the microstructures of samples S1, S2 and S3 are similar to S4 after FSH.



During heating procedure of SSH, αp and αs in bi-modal microstructure gradually transform to β phase. However, the transformation degree of these two α phases are different. During formation of bi-modal microstructure, Al which is the main α stable element in TA15 alloy, is enrichment in αp as compared to αs. The energy dispersive X-ray analysis shows that the average Al content is 8.01 ± 0.26 wt % in αp and is 6.49 ± 0.29 wt % in αs. In fact, the Al content in each αp particle is inhomogeneous. The interior of αp particle has a higher Al content than rim part [20]. The higher Al content makes αp more stable. Therefore, during heating procedure of SSH, the transformation degree of αs is larger than αp. The αs may transform to β phase completely and partly αp would be retained when heating temperature of SSH approaches to that of FSH. Therefore, the microstructure may be αp, αs and high-temperature β matrix at SSH temperature. After SSH, the samples were water quenched to room temperature. The high cooling rate of water quenching would inhibit the growth of αp and αs and lead to transformation of high-temperature β phase to martensitic microstructure. During the final annealing, the martensitic microstructure would decompose into thin α plate and αp and αs would grow. Through above process routes, tri-modal microstructures are obtained.



The measured microstructural parameters are given in Table 2. The volume fraction and size of αp are relatively larger in S1, S2 and S3 as compared to that in S4. On one hand, the volume fraction and size of αp are decreased during heating of SSH due to α → β transform. On the other hand, water quenching after SSH provides driving force for growth of αp during annealing. The coupling effect results in that the volume fraction and size of αp are larger in S1, S2 and S3. The aspect ratio of αp varies little with heat treatment routes. The volume fraction of αs decreases with increasing SSH temperature and the volume fraction of αt increases correspondingly. The decrease rate of αs volume fraction increases as SSH temperature increases. When SSH temperature is 10 °C below the FSH temperature, the volume fraction of αs is very small (5.12%). The thicknesses of both αs and αt increase with SSH temperature due to larger driving force for their growth provided by water quench after higher temperature.


Table 2. Parameters of microstructural features in different samples.





	
Samples

	
Parameters of αp

	
Parameters of αs

	
Parameters of αt




	
VF 1 (%)

	
Size (μm)

	
Aspect Ratio

	
VF (%)

	
Thickness (μm)

	
VF (%)

	
Thickness (μm)






	
S1

	
19.24 ± 1.24

	
11.55 ± 1.12

	
1.26 ± 0.13

	
5.12 ± 0.42

	
1.36 ± 0.16

	
54.28 ± 6.07

	
0.41 ± 0.08




	
S2

	
23.54 ± 1.19

	
12.32 ± 0.95

	
1.28 ± 0.09

	
25.46 ± 1.56

	
1.10 ± 0.09

	
26.83 ± 1.78

	
0.39 ± 0.09




	
S3

	
21.75 ± 1.81

	
12.56 ± 0.88

	
1.21 ± 0.11

	
47.17 ± 3.89

	
0.88 ± 0.11

	
6.24 ± 0.49

	
0.38 ± 0.07




	
S4

	
16.22 ± 0.86

	
11.19 ± 1.24

	
1.18 ± 0.08

	
58.72 ± 5.62

	
0.59 ± 0.07

	
-

	
-








1 VF—Volume fraction.








It is interesting to note that a part of α colony can keep their morphology having no αt between αs at lower SSH temperature (see Figure 1c). As SSH temperature increases, almost all αt distributes between αs and the colony structure is destroyed (see Figure 1b). This indicates that each αs in α colony has different stabilities and the high stability and low stability αs are alternatively distributed in α colony. The low stability αs transforms to β phase during heating procedure of SSH and then αt is formed between high stability αs during annealing.




3.2. Microscopic Properties


The mechanical properties of the constituent phases may evolve with their volume fraction, size, and morphology. To understand the evolution of microscopic properties, indentation tests are separately performed on αp and α plates region, as shown in Figure 2. Size restriction is a critical issue during indention tests on constituent phases. The plastic zone size of impression should large enough to cover constituent phases. However, large impression plastic zone may be influenced by neighboring phases. The size of impression plastic zone is about twice of the impression size [21]. As shown in Figure 2, the size of impression is about 4 μm and 11 μm for αp and α plates region, respectively. Therefore, as compared to the size of the constituent phases in Figure 1, the plastic zone with twice of impression sizes can completely locate in the corresponding constituent phases and have no influence of neighboring phases.


Figure 2. Load-indentation depth curves of different constituent phases: (a) αp, (b) α plates region.
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The hardness of constituent phases is given in Figure 3. The calculated hardness of αp is about 4.5 GPa and varies slightly with heat treatment routes (Figure 3a). However, nanoindentation results show that the average hardness of αp in TA15 alloy is 6.44 GPa which is much larger that the result of this work [22]. The inconsistent results are attributed to the hardness dependent on indentation depth. It was found that the hardness of αp particles in Ti-6Al-4V increases with decreasing indentation depth [23]. In Reference [22] the indentation depth is 70 nm which is less than that of this work (about 500 nm). Therefore, it can be concluded that the hardness difference is caused by the different indentation depths.


Figure 3. Hardness of different constituent phases: (a) αp, (b) α plates region.
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The average harness of α plates region increases from 3.36 GPa to 3.63 GPa as SSH temperature increases and that of S4 is between S1 and S2 (Figure 3b). The strength of titanium alloy and the thickness α plates follow the Hall-Petch relationship [16,17]. Using hardness instead of strength, the Hall-Petch relationship can be expressed as [24]:


H = Hm + kHt−1/2



(2)




where H is the overall hardness of the tested material, Hm is the matrix hardness, kH is the Hall-Petch constant, t is the thickness of α plates. Therefore, thin α plate would have higher hardness. However, in tri-modal microstructure of this research, the thickness of αs and αt increases with SSH temperature (Table 2) and their hardness increases at the same. This is related to the volume fraction of αs and αt. As shown in Table 2, the volume fraction of αs decreases and that of αt increases with SSH temperature. Therefore, the volume fraction of αs and αt should be considered in analyzing the hardness of α plates region in tri-modal microstructure. Combined the contribution of thickness and volume fraction of αs and αt, the effective thickness teff is defined as:


teff = fαstαs + fαttαt



(3)




where tαs and tαt are the thickness of αs and αt, respectively. fαs and fαt are the volume fraction of αs and αt in α plates region, respectively. The harness of α plates as a function of teff is given in Figure 4. It is clear that the Hall-Petch relationship is well followed. Therefore, it can be concluded that the harness of α plates increases with decreasing teff.


Figure 4. The hardness as a function of equivalent thickness of α plates.
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3.3. Macroscopic Properties


The engineering stress-strain curves of TA15 alloy after different heat treatment routes are displayed in Figure 5 and the macroscopic properties are given in Table 3. It is obvious from Figure 5 and Table 3 that the UTS of the alloy increases from about 995 MPa (sample S3) to 1080 MPa (sample S1) with increasing SSH temperature and the UTS of S4 is 1055 MPa between that of S1 and S2. The elongation of alloy basically has an opposite variation rule with UTS. The sample S1 has lowest elongation (13.1%) and S4 has an intermediate elongation (14.2%). However, the sample S2 have both higher UTS (1025 MPa) and elongation (17.1%) as compared to S3. The variation of UTS and elongation is caused by the difference of microstructural constituents and is further investigated in the next sections.


Figure 5. Engineering stress-strain curves of TA15 alloy under different heat treatment routes.
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Table 3. Tensile properties of TA15 alloy samples.





	Sample Number
	UTS (MPa)
	Elongation (%)





	S1
	1080 ± 32
	13.1 ± 1.48



	S2
	1025 ± 23
	17.1 ± 1.44



	S3
	995 ± 27
	15.9 ± 1.52



	S4
	1055 ± 31
	14.2 ± 1.33










3.4. Effect of Microstructure on Macroscopic Properties


The microstructural constituents essentially determine the macroscopic properties of the alloys. It is easy to understand that higher hardness of both αp particles and α plate region would lead to high UTS of the alloy. Since the volume fraction and hardness of αp particles are similar and the hardness of α plate region decreases with increasing effective thickness of α plate, the UTS of alloy decreases in the order of S1, S4, S2 and S3 mainly due to the increase of effective thickness of α plate (Figure 5). Normally, alloys with high hardness have low ductility [25]. However, this may not suit to tri-modal microstructures since S2 has both high UTS and elongation as compared to S3.



The ductility of the alloy is mainly determined by the deformation amount of microstructural constituents. The deformation amount of microstructural constituents can be analyzed by the microstructures closed to the fracture surface as presented in Figure 6. The αp particles are elongated in the direction parallel to the tensile direction and the αs and αt plates are kinked in the deformed microstructures of the four samples. Although the deformation mode of the three α phases in the four samples is similar, their deformation amount is different. The deformation amount of αp particles can be analyzed by their aspect ratio. The statistical aspect ratio of αp particles is 2.47, 2.83, 2.62 and 2.42 for S1 to S4 after tensile deformation, respectively. Therefore, the increments of aspect ratio as compared to the corresponding initial microstructure (Figure 1) are 96%, 121%, 117% and 105% for S1 to S4. Large aspect ratio increment indicates large deformation amount of αp particles. Therefore, the deformation amount of αp particles increases in the order of S1, S4, S3 and S2. The deformation amount of αs and αt plates increases with kinking degree. In sample S1, only small part of αt undergoes kinking deformation and most of αt has an inconspicuous deformation (Figure 6a). In sample S2, almost all αs plates are kinked. Some αs plates are curved to “S” shape indicating emergence of severely kinking deformation. Some αt plates in S2 also undergo obvious kink deformation, although they are generally hard to deform (Figure 6b). In sample S3, kinking deformation of αs plates occurs in some location. However, some αs plates that keep the colony morphology are relatively straight indicating a small deformation degree (Figure 6c). In sample S4, α colony deforms as a single grain [26] and each αt plates in colony have similar small deformation degree (Figure 6d). Therefore, the deformation amount of α plate region increases in the order of S1, S4, S3 and S2. The deformation amount order of α plates is consistent with that of αp particles, since these microstructural constituents should deform compatibly during the deformation of alloy.


Figure 6. Microstructures near the fracture surface of TA15 alloy tensile samples under different processing routes: (a) S1, (b) S2, (c) S3, (d) S4.
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To further understand the deformation of each microstructural constituents, TEM images of deformed microstructure are shown in Figure 7. The αp particles are deformed by planar slipping and dislocation tangling in the four samples (Figure 7a,b). The α colony in S4 is sheared and the direction of shear slip bands in each α plate is same (Figure 7c) since there exists Burgers orientation relationship between αs and β phase and thus slip can easily transfer between α plates [27]. However, the slip directions of two neighboring αs plates in S2 are different. Moreover, shear slip bands in each αs plates have multiple directions and are denser than that in S4 (Figure 7d) indicating that large deformation of αs in S2 occurs. At the same time, αt also experiences a certain degree of deformation. These observations are consistent with the deformation amount analysis of Figure 6. Therefore, the deformation amount of both αp and α plates increases in the order of S1, S4, S3 and S2 and the elongation of the samples increases with same order. Besides, as shown in Table 2, the volume fractions of αp, αs and αt in S2 are 23.54%, 25.46% and 26.83%, respectively and their ratio is close to 1:1:1. Therefore, it can be concluded that when the volume fraction ratio between αp, αs and αt is about 1:1:1, the alloy would have high elongation.


Figure 7. TEM images of deformed microstructure in TA15 alloy: (a) planar slipping bands in αp particles, (b) dislocation tangling in αp particles, (c) shear slip bands of αs in sample S4, (d) dense shear slip bands of αs in sample S2.
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4. Conclusions


1. Double heat treatment procedure can be used to tailor the microstructural constituents in tri-modal microstructure of TA15 alloy. The volume fraction and size of αp are relatively larger in the sample undergoing both FSH and SSH as compared to that only carrying out FSH. The volume fraction of αs decreases and that of αt increases with increasing SSH temperature. While, the thickness of both αs and αt increases with increasing SSH temperature.



2. The hardness of αp varies slightly with heat treatment routes. The hardness and effective thickness of α plates obtained by volume averaging of thickness of αs and αt follow the Hall-Petch relationship. Therefore, the hardness of α plates and the strength of the alloy increase with decreasing effective thickness of α plates.



3. The ductility of the alloy is determined by the deformation amount of microstructural constituents. As αt volume fraction increases, colony structure of αs is gradually destroyed, which makes each αs have large deformation degree by multiple directions slip. When volume fraction ratio of αp, αs and αt is about 1:1:1, αp and αs can have relatively large deformation and αt can contribute relatively large strength to the alloy and therefore the alloy has both good strength and ductility.
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