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The microstructure, mechanical properties, and texture characteristics of marine titanium alloy Ti6321 sheets with four different initial microstructures were investigated contrastively in this paper. The results indicate that the strength of hot-rolled, equiaxed, and bimodal microstructure sheets exhibits significant anisotropy in the RD and TD directions. The hot rolled sheet shows the strongest anisotropy of tensile properties, that is, the transverse yield strength is 91 MPa higher than that of the rolling direction. The morphology characteristics of the macroscopic tensile fracture are also significantly different in RD and TD. The strength anisotropy of Ti6321 alloy sheet decreases with the increase of annealing temperature. The mechanical properties of the widmanstätten microstructure sheet are close to isotropic, and the plasticity is the worst among the four initial microstructures. The root cause for the properties anisotropy was analyzed by XRD and EBSD. There is a strong [image: image] prismatic texture and a relatively weak [image: image] basal texture in the anisotropic sheet. The anisotropic characteristics of the tensile deformation of Ti6321 alloy sheet at room temperature are mainly attributed to the difference in the Schmid factor of the basal <a> slip system and prismatic <a> slip system in TD and RD specimens.
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INTRODUCTION

Due to the high strength-weight ratio, good weldability, and excellent corrosion resistance, near α titanium alloys [such as Ti-6Al-2Zr-1Nb-1Mo (Wang et al., 2018) and Timetal 834 (Chandra Rao et al., 2009)] can effectively reduce the weight of ships and the cost of corrosion resistance, which has a huge potential application in marine engineering (Gurrappa, 2003; Banerjee and Williams, 2013; Yan et al., 2018). Generally, the mechanical properties of titanium alloys depend on the characteristics of the microstructure, and the microstructure of the alloy is decisively affected by the processing technology (Lutjering, 1998; Zhang and Chen, 2019; Dong et al., 2020; Zhang et al., 2020). The equiaxed microstructure has a high fatigue strength when compared to other microstructures (Tan et al., 2015), while other studies have shown that the bimodal or widmanstätten (lamellar) microstructure have better fatigue properties (Wu et al., 2013). The bimodal microstructure is usually selected as the final microstructure in the engineering application because of its good balance of strength and ductility (Yan et al., 2018). The widmanstätten structure usually has high resistance to fatigue crack propagation and impact toughness, and its properties are sensitive to the thickness of lamellar α phase (Semiatin and Bieler, 2001; Nalla et al., 2002). Therefore, it is necessary to carry out related research on the different microstructures of each potential alloy in order to grasp its characteristics, and then achieve precise control and optimization of the microstructure and mechanical properties.

Near α titanium alloys are mainly composed of an α phase at room temperature. The intense texture often exists in titanium alloys due to the fact that the α phase has a Hexagonal Close-packed (HCP) structure, which results in drastic anisotropy of mechanical properties (Singh and Schwarzer, 2000). Won et al. (2015, 2016) studied the anisotropy of mechanical properties and deformation characteristics of the pure Ti. They found that, in rolled pure Ti, when the load is along RD and TD, the slip is mainly a prismatic <a> slip with lower critical shear stress, and, when the load is along ND, the slip is mainly a basal <a> slip with higher critical resolved shear stress (CRSS). Bache and Evans (2001) and Bache et al. (2001) concluded that the orientation of the principal stress axis with respect to the dominant basal plane texture has a significant effect on the strength and fatigue properties under the tensile condition. (I). Bantounas and Trevor Lindley (2007) studied the effects of microtexture on fatigue cracking in Ti-6Al-4V and found that cracks usually arrest when confronted by grains unfavorably oriented for prismatic <a> slip and favorably oriented for an <c + a> slip in specimens with specific microtexture. Some studies have pointed out that there is obvious texture in the hot rolled near-α titanium alloy (Li et al., 2017, 2019). However, relatively little research has been done on the texture characteristics of different microstructures of near α titanium alloy. For the Ti-6Al-3Nb-2Zr-1Mo (Ti6321) alloy studied in the present work, the texture characteristics and anisotropy of different initial microstructure characteristics are not systematically investigated, and the essential mechanism analysis is also insufficient.

In this paper, Ti6321 alloy sheets with different microstructure characteristics were obtained by different heat treatment processes. The microstructure/texture evolution, mechanical properties, and anisotropy characteristics of the rolled Ti6321 alloy sheets with four different initial microstructures were systematically analyzed. The results are expected to provide useful information for the microstructure control and anisotropy research of near α titanium alloy.



EXPERIMENTAL PROCEDURE


Materials

The material used in the experiment was hot rolled Ti6321 alloy, and the β transition temperature was approximately 985°C. The alloy composition test results are shown in Table 1. The Ti6321 alloy sheet was obtained through two passes rolling in the α+β phase field and one pass of reverse rolling. Then, the hot rolled alloy was annealed at three different temperatures to obtain the equiaxed microstructure, bimodal microstructure, and widmanstätten microstructure. The detailed annealing heat treatment processes are shown in Table 2.


Table 1. Chemical composition of hot rolled Ti6321 alloy (wt%).
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Table 2. Three different annealing treatments and corresponding microstructure of Ti6321 alloy.
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Property Testing at Room Temperature

Tensile tests were carried out according to GB/T 228.1-2010 at room temperature. The tensile standard specimens were cut along the rolling direction (RD) and transverse direction (TD) of the alloy sheet to study the anisotropic characteristics of the properties of the alloy sheet. Three groups of parallel experiments were set up for each condition to eliminate accidental errors. The bar specimens with a gauge length of 25 mm and gauge diameter of 5 mm were machined for tensile test, as shown in Figure 1A.


[image: Figure 1]
FIGURE 1. (A) Geometries of the tensile specimen of Ti6321 alloy sheet; (B) Schematic diagram of rolling deformation coordinates of the Ti6321 alloy sheet.




Microstructure Characterization and Texture Detection

The microstructure of the alloy was observed by optical microscope (OM, OLYMPUS GX71), scanning electron microscope (SEM, FEI Helios Nano Lab G3 UC) equipped with an EBSD acquisition camera, and the Aztec online acquisition software package. All the samples for OM, SEM, and EBSD examinations were mechanically using grit papers with different particle sizes from 80# to 2,000# and then were electro-polished with a solution of 60% methanol, 35% butyl alcohol, and 5% perchloric acid. The samples used for the morphology observation were subjected to metallographic corrosion after polishing. Nano-scale microstructures were analyzed by transmission electron microscopy (TEM, FEI Talos F200X TEM) operated at 200 kV. The TEM foil specimens were prepared firstly by mechanical thinning to about 50 μm in thickness, punched into disk of 3 mm, and thinned by twin-jet electro polishing with a solution of 20% perchloric acid in methanol at a voltage of 40 V. The fracture morphology of the tensile specimen was observed by SEM. Before the observation, the fracture specimen was cleaned ultrasonically.

The texture was tested by XRD on Bruker D8 advance. Five incomplete pole figures were measured to calculate the orientation distribution function (ODF). Only α phase was measured because near-α titanium alloy is mainly composed of α phase at room temperature. In order to make accurate analysis on typical texture, constant ϕ2 = 0°&30° ODF map were used. The standard ODF map and miller indices of texture orientation were calculated by Equation. (1) and Equation. (2) (Taylor Francis Group, 2010) shown in Figures 2A,B. {ϕ1 φ ϕ2} is Euler angle.
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FIGURE 2. The standard ODF maps of HCP: (A) ϕ2 = 0° (B) ϕ2 = 30°.





RESULTS AND DISCUSSION


Characteristics of the Four Different Initial Microstructures

In order to fully reveal the microstructure characteristics of Ti6321 alloy, the R-plane, T-plane, and N-plane of the alloy sheets were observed. Figure 3 shows the 3D metallography of four kinds of sheets. As shown in Figure 3A, the α phase on the T-plane and the R-plane are elongated toward TD and RD, respectively, in hot rolled sheets, and the size of α phase in N-plane is larger. The microstructure of the sheet annealed at 900°C is similar to that of the hot rolled, but the equiaxed degree of α phase on three observation surfaces is increased (Figure 3B). With the increase in annealing temperature, more and more primary α phases dissolve into β phase, and the αs (secondary α) phase precipitates in β phase during the subsequent air-cooling process. As a result, the microstructure gradually evolves into bimodal microstructure, which is composed of an αp (primary α) phase and transformed β, as shown in Figure 3C. This indicates that the alloy undergoes a greater degree of α → β transformation. When the annealing temperature rises above the β transition point temperature, the grains of the alloy sheet become coarse and are filled with large number of lamellar α cluster structures (Figure 3D). Figure 4 shows the SEM images of N-plane of four different initial microstructures of Ti6321 alloy sheets. Both hot rolled and equiaxed microstructure sheets contain equiaxed and elongated α phases, but it is obvious that the proportion of elongated α phase is higher in hot rolled sheet. The bimodal microstructure sheet includes the equiaxed αp phase and lamellar αs phase, and there is almost no elongated α phase. The widmanstatten sheet includes the lamellar αs phase and a small amount of GB α (grain boundary α phase), as shown in the Figure 4d.


[image: Figure 3]
FIGURE 3. 3D metallograph of four different initial microstructures of Ti6321 alloy sheets in RD-TD-ND directions: (A) Hot rolled sheet; (B) Equiaxed microstructure sheet; (C) Bimodal microstructure sheet; (D) Widmanstätten microstructure sheet.
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FIGURE 4. SEM images of N-plane of four different initial microstructures of Ti6321 alloy sheets: (a) Hot rolled sheet; (b) Equiaxed microstructure sheet; (c) Bimodal microstructure sheet; (d) Widmanstätten microstructure sheet.


Figure 5 shows the TEM images of four different initial microstructures alloy sheets, and the microstructures are all composed of α and β phases. Based on the quantitative statistics of a large number of OM, SEM, and TEM images, some characteristic parameters of the four different microstructures (N-plane) of the alloy sheets are shown in Table 3. Comparative statistics show that the volume fraction of primary α phase in the equiaxed microstructure sheet is the highest, about 80.79%. The size of the primary α phase in the bimodal microstructure sheet is the smallest (10–20 μm). The length of the secondary α phase in widmanstätten microstructure sheet appears to range greatly (20–160 μm). It should be noted that the original β grains in the widmanstätten microstructure sheet become very coarse, and the size even reaches 2.3 mm.


[image: Figure 5]
FIGURE 5. TEM images of Ti6321 alloy and alloy element contents of α and β phases: (A1, A2) Hot rolled microstructure; (B1, B2) Equiaxed microstructure; (C1, C2) Bimodal microstructure; (D1, D2) Widmanstätten microstructure.



Table 3. Quantitative statistics of different initial microstructures of Ti6321 alloy.
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Figures 5A2, B2, C2, D2 shows that the content of Ti and Al in the α phase is significantly higher than that in the β phase in these three kinds of microstructural sheets. However, the content of Nb and Mo in the β phase is significantly higher. As a neutral element, Zr content in the two phases exhibits little difference. As shown in Figures 5C1, the bimodal microstructure sheet is composed of αp and transformed β, and the width of the β lamellae is about 100–400 nm. The composition of two phases in the bimodal microstructure sheet is similar with that of the equiaxed sheet. For the widmanstätten microstructure sheet, the α lamellae grow in a certain direction in the β grain, as shown in Figure 5D1. Obviously, when the heat treatment temperature is above the β transition point, the difference of the content of alloying elements in the αs and β phase decreases, indicating that the diffusion of elements is relatively uniform.



Anisotropy of Mechanical Properties and Fracture Morphology

The results of the tensile test are shown in the Table 4 and Figure 6. We can see that the hot rolled, equiaxed, and bimodal microstructure sheets show obvious anisotropy in mechanical properties. As shown in Figure 6C, the degree of anisotropy in the hot rolled sheet is the highest. The yield strength in TD of the hot rolled sheet is 91 MPa higher than that of the RD. The anisotropy decreases with the increase of annealing temperature. In addition, the anisotropy of yield strength is higher than that of tensile strength. However, there was no obvious anisotropy in widmanstätten microstructure sheet. It is worth notice that the plasticity slightly increases with the increase of annealing temperature, but the plasticity of widmanstätten specimens are the worst.


Table 4. Tensile properties of Ti6321 alloy sheets at room temperature.
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[image: Figure 6]
FIGURE 6. Tensile test results of Ti6321 sheets: (A) Yield strength and tensile strength; (B) Elongation and reduction of area; (C) TD/RD ratio.


The elongation of the three kinds of anisotropic sheets is similar, and there is no significant difference between RD and TD specimens. However, there is a significant difference between RD and TD specimens in the reduction of area, which is related to the morphology of the area. Among the three kinds of anisotropic sheets, the tensile fracture morphology of RD and TD is obviously different, as shown in Figure 8. The fracture surfaces in RD were pure shear fracture, which were about 45° to the stress axis. Reversely, the fracture surfaces in TD were typical cup cone fracture. As shown in Figures 7a1, a2–c1, c2, the fracture of TD specimen is composed of the shear lip region and the fibrous region. The fracture surfaces of RD and TD specimens of these three kinds of sheets show obvious necking phenomenon, showing obvious plastic deformation characteristics. The fracture morphology of widmanstätten microstructure sheet is shown in Figures 7d1, d2. The fracture of RD and TD specimens are all irregular shear fracture. There is no obvious necking feature near the fracture, and the fracture is close to brittle fracture.


[image: Figure 7]
FIGURE 7. Morphology of tensile fracture: (a1, a2) Hot rolled specimen; (b1, b2) Equiaxed specimen; (c1, c2) Bimodal specimen; (d1, d2) Widmanstätten specimen.


Figure 8 shows the microstructure on the longitudinal cross section of four kinds of sheets tensile specimens. The α phase in hot rolled, equiaxed, and bimodal sheets is obviously elongated along the tensile direction. However, no obvious elongated morphology was observed in widmanstätten specimens. This suggests that the plasticity of the first three kinds of microstructure sheets is better, and the obvious necking phenomenon occurs during the deformation, while the plasticity of the widmanstätten specimens is poor, and the necking is not obvious. In addition, as can be seen from Figure 8, there are lots of voids between 1 and 10 μm at the boundary of αp in hot-rolled and equiaxed specimens, and the voids can grow through the αp phase. In the bimodal specimens, most of the voids are formed at the boundary of the globular primary α phase and transformed β, and they can also grow in the form of passing through the αp phase. However, for widmanstätten specimens, the voids can be generated at the boundary of lamellae colony or the boundary between grain boundary α phase and lamellae colony, and it can also be seen from the Figures 8d1, d2 that a large number of smaller voids are generated at the boundary of the secondary α phase.


[image: Figure 8]
FIGURE 8. Longitudinal cross-section of tensile specimens of four kinds of microstructure sheets: (a1, a2) Hot rolled specimen; (b1, b2) Equiaxed specimen; (c1, c2) Bimodal specimen; (d1, d2) Widmanstätten specimen; Corner markers 1 and 2 represent RD and TD, respectively.




Preferred Crystallographic Orientation of the Alloy Sheet

In order to reveal the essential cause of the anisotropy of the mechanical properties of the alloy sheet, the texture characteristics of the sheets with four different initial microstructures were systematically characterized and analyzed. It can be seen from Figure 9 that the texture characteristics of hot rolled, equiaxed, and bimodal specimens are similar. Their texture characteristics are mainly manifested in the ODF map of ϕ2 = 0°. There are strong [image: image] prismatic texture and relatively weaker [image: image] basal texture in hot rolled, equiaxed microstructure and bimodal specimens, while their texture characteristics on the ODF map of ϕ2 = 30° are not obvious. This results show that the [image: image] crystal plane of most grains in the sheets are approximately parallel to the N-plane, the [image: image] crystal direction of most grains is approximately parallel to the RD, and the [0001] crystal direction of a small number of grains tends to be parallel to the RD. However, [image: image]//ND fiber texture was formed in the widmanstätten microstructure sheet. This means that most of the [image: image] crystal faces of the α phase in the sheet tend to be parallel to the N-plane, and their crystallographic c-axis directions are generally evenly distributed in all possible directions. In addition, it can be seen from Figure 9D2 that the characteristics of texture in the widmanstätten microstructure sheet are different from the other three sheets. The widmanstätten microstructure sheet exhibits a new weak texture in the ODF map of ϕ2 = 30°. Since the widmanstätten microstructure sheet is formed when the annealing temperature is higher than the β phase transition point, the microstructure is a fully lamellar type, that is, the α phase inside the β crystal grains is all the secondary α phase precipitated from the β phase. The orientation of the α phase and the β phase in the precipitation process is in accordance with the Burgers orientation relationship, and there are 12 α variants for β → α transition (Burgers, 1934; Cayron, 2008). Some previous studies have proposed that the variants selection might affect the texture characteristics (Li et al., 2019). Therefore, the texture characteristics of the widmanstätten microstructure sheet are different from the other three sheets.


[image: Figure 9]
FIGURE 9. ODF section draws of ϕ2 = 0° & 30°: (A1, A2) Hot rolled; (B1, B2) Equiaxed; (C1, C2) Bimodal; (D1, D2) Widmanstätten.


Figures 10A,B shows the [image: image] and [image: image] in the HCP structure. Combined with the analysis of ODF map, we could get the orientation of grain distribution in hot rolled, equiaxed, and bimodal microstructure sheets with anisotropy, and in widmanstätten microstructure sheet with [image: image]//ND fiber texture, as shown in Figures 10C,D.


[image: Figure 10]
FIGURE 10. (A) [image: image] in HCP structure; (B) [image: image] in HCP structure; (C) Diagrammatic sketch of grain distribution of sheets with strong [image: image] prismatic texture and weaker [image: image] basal texture; (D) Diagrammatic sketch of grain distribution of sheet with [image: image]//ND fiber texture.


In this paper, EBSD analysis of bimodal sheet is carried out to explore the influence of texture on the deformation of samples in different directions. Textures in the bimodal microstructure sheets are shown in Figure 11, including (0002), [image: image], and [image: image] pole figures. The (0002) poles have a peak close to TD with a high intensity, suggesting that c axis of α phase have a stronger tendency orientating toward TD, which is consistent with the result of XRD texture test. This is a typical T-type texture usually found when titanium alloys were hot rolled at α + β field (Leyens and Peters, 2003). The intensity in [image: image] and [image: image] poles was relatively weak. Generally, the T-texture is formed because the slipping planes tends to rotate to a position parallel to the rolling plane during the rolling process (Dillamore and Roberts, 1965; Lee et al., 1988; Jean-Phillippe Thomas et al., 1997). Since the main deformation mechanism during plastic deformation is dislocation slip, it is important to analyze the influence of texture on slip. The most active slip systems in HCP metals are <a> type slips on the prismatic [image: image] plane and on the basal (0001) plane (Chin and Mammel, 1970; Akhtar, 1975). However, α-Ti has a smaller c/a value than other HCP structural materials, which is 1.587. The prismatic <a> slips could be more active than the basal <a> slips due to the lower critical resolved shear stress (CRSS) (Yoo and Wei, 1967); this has been verified by the experimental results of single and poly crystal Ti and Ti alloys (Akhtar and Teghtsoonian, 1975; Jones and Hutchinson, 1981; Thomas Bieler and Semiatin, 2002; Kwai Chan, 2004; Gong and Angus Wilkinson, 2009; Li et al., 2013). Figures 11B,C shows the distribution of the Schmid factor when the RD and TD specimens are deformed under stress. When stress direction is parallel to RD, Schmid factors of basal <a> slips and prismatic <a> slips in most of grains were in the range of 0.35–0.5, as shown in Figure 11B, meaning that both basal <a> slips and prismatic <a> slips were easily activated. In addition, we can see that the frequency of the high Schmid factor of the prismatic <a> slips is higher than that of the basal <a> slips, which indicates that the deformation of the RD specimen is dominated by the prismatic <a> slips. However, when stress direction was parallel to TD, the Schmid factor distribution of most prismatic <a> slip is between 0 and 0.1. The frequency of Schmid factor between 0.35 and 0.5 of basal <a> slips is slightly higher than that of prismatic <a> slips but lower than that of RD specimen. Considering that the CRSS of the prismatic <a> type slip is lower than that of the basal <a> slip, it is speculated that the deformation of the TD specimen may still be dominated by the prismatic <a> slip.


[image: Figure 11]
FIGURE 11. Results of EBSD analysis. (A) Pole Figures and statistics of Schmid Factors of prismatic <a> slips and basal <a> slips when loading in (B) RD and (C) TD.


In summary, the presence of texture affects the distribution of the Schmid factor of the prismatic <a> type slip and the basal <a> type slip in the different directions in the anisotropic sheets. This leads to the prismatic <a> type slip in TD specimens being more difficult to activate than in the RD specimens when the load is along RD and TD, respectively, which leads to anisotropy.




CONCLUSIONS

In the present work, the microstructure, mechanical properties, and texture analysis of four Ti6321 alloy sheets with different initial structures were carried out. Several conclusions can be drawn.

1) The hot rolled and equiaxed microstructure sheets have similar microstructural characteristics, and the N-plane microstructure of these two sheets is quite different from that of R-plane and T-plane, which shows that the α phase of R-plane and T-plane has obvious deformation and elongation. There was no significant difference between the three observation surfaces of bimodal and widmanstätten microstructure sheets.

2) The hot rolled, equiaxed, and bimodal microstructure sheets exhibited significant anisotropy in the tensile test at room temperature, showing that the strength of TD is greater than RD, and the RD and TD fracture morphology are quite different. The fracture of RD specimens is a shear fracture, while that of TD is a typical cup cone fracture. However, widmanstätten microstructure sheet has the worst plasticity and does not exhibit significant anisotropy. In the process of tensile deformation, microvoids are easy to form near the αp in hot rolled, equiaxed, and bimodal specimens, and the microvoids can expand in the form of passing through the αp. In widmanstätten specimens, microvoids often generated at the boundary of αs and GBα and can expand along αs or through αs.

3) There is a strong [image: image] prismatic texture and a weaker [image: image] basal texture in the Ti6321 sheets with obvious anisotropic tensile behavior. However, the [image: image]//ND fiber texture fiber texture was formed in the widmanstätten sheet. The formation of these textures results in significantly different distribution rules of the Schmid factor of the grains when the alloy is subjected to stress in different directions. The anisotropic characteristics of the tensile deformation of Ti6321 alloy sheet at room temperature are mainly attributed to the difference in the Schmid factor of basal <a> slip system and prismatic <a> slip system in TD and RD samples.
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