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Abstract:



Microstructure, texture evolution, and mechanical properties of Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si (VT3-1) titanium alloy processed by multi-pass drawing and subsequent isothermal annealing were systematically investigated. A fiber-like microstructure is formed after warm drawing at 760 °C with 60% area reduction. After isothermal annealing, the samples deformed to different amounts of area reduction show a similar volume fraction (80%) of α phase, while the sample deformed to 60% exhibits a homogeneous microstructure with a larger grain size (5.8 μm). The major texture component of α phase developed during warm drawing is centered at a position of {φ1 = 10°, φ = 65°, φ2 = 0°}. The textures for annealed samples are almost along the orientation of original deformation textures and show significant increases in orientation density and volume fraction compared with their deformed states. In addition, for the drawn samples, the ultimate tensile strength increases but the ductility decreases with increasing drawing deformation. A negative slope of yield strength of annealed samples versus grain size (d−1/2) is found due to the difference between texture softening for as-rolled + annealed state and texture hardening for drawn + annealed state. The mechanical properties of annealed samples are found to be strongly dependent on grain size and texture, resulting in the balance of the strength and ductility.
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1. Introduction


Titanium alloys have been used in the aircraft industry and marine engineering due to their high strength-to-weight ratio, good ductility, excellent fatigue properties, and corrosion resistance. In particular, two-phase titanium alloys are widely used as structural materials owing to their high strength and adequate ductility [1,2,3,4]. Among them, the Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si alloy (known as VT3-1) is a typical two-phase titanium alloy, mainly used for gas turbine blades and fasteners owing to the balance of strength and ductility, toughness, and temperature capability up to 400–450 °C [5,6].



In general, α and α + β titanium alloys, as well as other hexagonal close-packed (HCP) metals such as magnesium alloys [7], exhibit distinct textures and a pronounced anisotropy in mechanical properties as a result of the inherent deformation mechanism of the hexagonal crystal structure [8,9,10,11,12,13,14]. It was reported that there exists a cluster of α phases with sharp local texture called macrozones in semi-finished products such as billets [15,16]. It was also revealed that the evolution of microstructure and crystallographic texture are associated with primary recrystallization in titanium alloys [1,17,18]. So, in principle, thermo-mechanical processing routes determine the types of texture components together with the microstructures. Although a series of systematical studies have been performed on the texture of titanium alloys in the process of deformation and post-deformation heat treatment [19,20,21,22,23,24,25], limited literature is available on texture evolution of VT3-1 titanium alloys fabricated by multi-pass warm drawing and subsequent isothermal annealing.



To achieve the desired mechanical properties of bar materials, a comprehensive understanding of the relationship between microstructure, texture, and mechanical properties during drawing and subsequent heat treatment is needed. In particular, an extra opportunity of designing the properties of titanium alloys may be offered by understanding and manipulating various microstructures and crystallographic textures. In this work, the microstructure and texture evolution of VT3-1 titanium alloy during multi-pass warm drawing and subsequent isothermal annealing were systematically investigated. Furthermore, the influences of the microstructures and textures of deformation/recrystallization on its mechanical properties were also discussed.




2. Materials and Methods


The material used for the current study was a commercial Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si (VT3-1) alloy with a chemical composition composed of 5.98% Al, 1.48% Cr, 2.57% Mo, 0.52% Fe, 0.30% Si, and Ti balance (wt %). The β transus temperature measured by the metallographic method was ~965 °C. When this alloy was heated at 960 °C for 1 h followed by water quenching, its microstructure was composed of martensite and a small amount of primary α phase; yet when this alloy was treated at 970 °C for 1 h followed by water quenching, its microstructure was only composed of martensite. The received rolled bar of 25 mm diameter was drawn to 16 mm in diameter at 760 °C (in the α + β phase field) by 11 passes. The accumulated strain during warm drawing was calculated by:


ε = ln(D0/D1)2



(1)




where D0 was the initial diameter of bar and D1 was the diameter after drawing. Three groups of bars with different area reductions of 0%, ~30%, and ~60% were selected to examine the microstructure and texture. The details of the bars are listed in Table 1. Furthermore, all drawn samples were treated at 880 °C for 2 h followed by furnace cooling to 650 °C, and then isothermally held for 2 h followed by air cooling to room temperature. Three isothermally annealed (IA) groups were selected and hereafter named as follows: as-received + IA bar, 30% warm-drawn + IA bar and 60% warm-drawn + IA bar.



Table 1. Experimental data of the Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si (VT3-1) alloy bar samples.







	
Sample State

	
Diameter, mm

	
Area Reduction, %

	
Accumulated Strain






	
As received

	
25.40

	
0

	
0




	
30% warm-drawn

	
20.90

	
32.3

	
0.39




	
60% warm-drawn

	
16.18

	
59.4

	
0.90










In order to eliminate the effect of heterogeneity of the edge region caused by the drawing process [26,27], all the tested samples were obtained from the center of the bar, as schematically outlined in Figure 1.


Figure 1. A schematic diagram of sampling location in VT3-1 alloy bars. The DD, ND and TD represent the drawing direction, normal direction and transverse direction, respectively. SEM: scanning electron microscopy; XRD: X-ray diffraction.
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The microstructural characterizations were carried out using a Shimadzu SSX-550 scanning electron microscope (SEM) (Shimadzu Corporation, Tokyo, Japan). The specimens used for microstructure observation were grinded with SiC papers up to 2000 grits, polished with SiO2 emulsion and finally etched for 8 s in a solution of 5% HF, 10% HNO3, and 85% water. The mean grain size of the primary α phase was measured using the linear intercept method and the volume fraction of the α phase was estimated using image analysis from SEM images [28,29]. A D8 Discover X-ray diffractometer (XRD) with Cu K-α radiation (Bruker AXS GmbH, Karlsruhe, Germany) was used to examine the phase components and characterize the macrotexture. The specimens used for the XRD experiments were grinded with SiC papers up to 1500 grits and polished with SiO2 emulsion. The (10[image: there is no content]0), (0002), and (10[image: there is no content]1) incomplete pole figures of the α phase (c/a = 1.587) were measured first. The texture analysis was carried out with the TEXEval V2.0 software package (Bruker AXS GmbH, Karlsruhe, Germany, 2000). Then, the inverse pole figures (IPFs) were calculated based on an assumption, namely, geometric symmetry was indexed in the orthorhombic mmm system. The orientation distribution functions (ODFs) with the Bunge system (φ1–φ–φ2) were calculated by using the harmonic method [30]. The tensile specimens had a gauge diameter of 10 mm and a gauge length of 60 mm according to the standard of ISO 6892-1:2009. The tensile axis was parallel to the drawing direction. Room temperature tensile tests were performed at a constant cross-head speed of 1 mm/min on a SANS-CMT 5205 testing machine (MTS Systems Corporation, Shenzhen, China). The strain rate of tensile specimens was 0.00028 s−1.




3. Results and Discussion


3.1. Microstructure Characteristics


Figure 2 compares the SEM micrographs of VT3-1 alloy after warm drawing and isothermal annealing. Figure 2a,c,e show the microstructures of as-received, 30%, and 60% warm-drawn samples, respectively, and their corresponding microstructures of IA states are shown in Figure 2b,d,f, respectively. The as-received sample contains elongated primary α, equiaxed primary α, and β transformed microstructures (Figure 2a). The α grains are gradually elongated with increasing drawing ratio (Figure 2c) and they are almost deformed into a fiber-like microstructure after 60% drawing deformation (Figure 2e). The mean primary α grain sizes (along the transverse direction (TD)) of as-received, 30%, and 60% warm-drawn samples are 3.7, 2.9, and 1.9 μm, respectively, and their corresponding length/width ratios are 2.2, 5.8, and 15.2, respectively. Moreover, the morphology of secondary α phase in the β transformed microstructure changes from acicular shape to platelet shape (Figure 2a,c,e). Simultaneously, the volume fraction of the total α phase is ~55% for the as-received sample and increases up to ~68% for the 30% warm-drawn sample, then grows slowly to ~70% for the 60% warm-drawn sample. These microstructural changes can be attributed to the drawing deformation and the β → α phase transformation.


Figure 2. SEM micrographs of VT3-1 alloy after warm drawing and isothermal annealing: (a) as-received state; (b) as-received + isothermally annealed (IA) state; (c) 30% warm-drawn state; (d) 30% warm-drawn + IA state; (e) 60% warm-drawn state; (f) 60% warm-drawn + IA state.
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After isothermal annealing, the mean primary α grain sizes (along TD) of 0%, 30%, and 60% warm-drawn samples are 4.6, 5.1, and 5.8 μm, respectively, and the volume fraction of the primary α phase in all these samples is maintained as ~80%, as shown in Figure 2b,d,f. The retained β phase is distributed mostly in the α grain boundaries and grain triple points, but the globularization process of the secondary α phase is not yet complete for the as-received + IA sample. Furthermore, the microstructure becomes more homogeneous with increasing drawing deformation. The differences in microstructure for IA samples drawn to different deformations are attributed to the changes in crystal defect and strain energy which can promote the recrystallization and growth of grains during subsequent heat treatment.




3.2. X-ray Diffraction (XRD) and Texture Analysis


Figure 3 depicts the XRD patterns of VT3-1 alloy under different processing conditions. It can be seen that all samples are composed of α and β phases. Due to the low intensity of β phase peaks and their positions being close to α phase peaks, it was difficult to record pole figures (PFs) of β phase, and, thus, only the texture of α phase was studied in this work.


Figure 3. XRD patterns of VT3-1 alloy under different processing conditions.
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In order to examine the complete macrotexture features of the α phase (primary α phase and secondary α phase), IPFs and ODFs were obtained and presented. For a bar material, the fiber texture can be characterized by means of IPFs, namely the distributions of the crystal orientation relative to drawing direction (DD) and transverse direction (TD) [31]. The main textures usually can be seen in the first section (φ1 = 0°) of the ODF for titanium alloys [17], and, thus, the first section as well as relevant sections containing the maximum of the ODF are presented to describe the texture clearly.



Figure 4 presents the IPFs of the alloy after warm drawing and isothermal annealing. For the as-received state (Figure 4a), crystallographic directions of <10[image: there is no content]0> and <11[image: there is no content]0> are most likely parallel to the DD, and the <10[image: there is no content]0>//DD pair with an intensity of 2.85 is the main component. Meanwhile, the observed pair for the TD is <0001>//TD (i.e., crystallographic c-axis//TD) with an intensity of 2.19. Similar orientations can be observed in 30% (Figure 4c) and 60% (Figure 4e) warm-drawn samples, but with the following differences. First, the intensity of the <10[image: there is no content]0>//DD pair is increasing and crystals are tilted from the <11[image: there is no content]0> toward <10[image: there is no content]0> with increasing drawing deformation. Second, the c-axis//TD pair has been tilted approximately 10°–15° from the <0001> towards <10[image: there is no content]0>. Such changes in orientation can be attributed to the increased number of grains and the grain rotations during drawing. After 60% warm drawing, the maximum intensity is obtained, i.e., <10[image: there is no content]0>//DD pair with an intensity of 5.45 and c-axis//TD pair with an intensity of 2.84. The two basic texture types, i.e., the basal texture (B-texture) and the transversal texture (T-texture) [32] where the (0001) planes are parallel to the deformation plane and perpendicular to the deformation plane, respectively, are used to describe α deformation textures for rolled sheets. In this work, the T-texture for the drawn bar is referenced when the c-axis is perpendicular to the drawing direction (DD). There is a strong quasi T-fiber texture (i.e., the c-axis aligned with the TD) during warm drawing. After isothermal annealing, no significant change in orientation distribution is identified but the intensity of texture increases with increasing drawing deformation (Figure 4b,d,f), which indicates that the crystal growth including initially deformed grains and newly recrystallized grains during isothermal annealing depends on the initial preferred orientations [17].


Figure 4. Representation of inverse pole figures (IPFs) corresponding to warm-drawn and IA states: (a) as-received state; (b) as-received + IA state; (c) 30% warm-drawn state; (d) 30% warm-drawn + IA state; (e) 60% warm-drawn state; (f) 60% warm-drawn + IA state.
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Figure 5 shows the ODF sections corresponding to warm-drawn states. For as-received state (Figure 5a), the high orientation densities are obtained at φ1 = 0° and φ1 = 15° sections. The maximum of the ODFs reaches 6.22 at the position of {φ1 = 0°, φ = 70°, φ2 = 30°}, i.e., close to (01[image: there is no content]1)[2[image: there is no content]0], which belongs to quasi T-texture (with c-axis titled ~30° from TD to normal direction (ND)). Meanwhile, the second highest orientation density of 5.16 is observed around the position of {φ1 = 15°, φ = 60°, φ2 = 0°}, i.e., close to ([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]. Compared with {φ1 = 0°, φ = 70°, φ2 = 30°}, c-axis of {φ1 = 15°, φ = 60°, φ2 = 0°} is titled ~15° and is rotated 30°. A comparison of the 30% warm-drawn state (Figure 5b) with as-received state shows that the center of the main peak changes into {φ1 = 15°, φ = 65°, φ2 = 0°} with the orientation density of 7.60. Similarly, there is a significant increase in orientation density near the position of {φ1 = 10°, φ = 65°, φ2 = 0°} (Figure 5c) for 60% warm-drawn state and this orientation density reaches 8.62. Therefore, the main texture component is near {φ1 = 10°, φ = 65°, φ2 = 0°} for warm-drawn state.


Figure 5. Representation of orientation distribution function (ODF) sections at constant φ1 corresponding to warm-drawn states: (a) as-received state: φ1 = 0° and φ1 = 15°; (b) 30% warm-drawn state: φ1 = 0° and φ1 = 15°; (c) 60% warm-drawn state: φ1 = 0° and φ1 = 10°.
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Figure 6 shows the ODF sections corresponding to post-deformation IA states. For as-received + IA state (Figure 6a), the maximum value of ODFs reaches 7.23 at the position of {φ1 = 15°, φ = 60°, φ2 = 0°} with a large spread around it, and a secondary peak around the position of {φ1 = 0°, φ = 65°, φ2 = 30°} reaches 6.58. A comparison of the as-received state with its subsequent IA state indicates that recrystallization strengthens the deformation textures in orientation density, but there is only fairly limited change in its main texture components (Figure 5a and Figure 6a). It indicates that the textures during recrystallization are attributed to preferential grain growth which is influenced by the inheritance of deformation texture. A similar trend is observed in the 30% warm-drawn + IA sample (Figure 6b). The maximum orientation density reaches 10.75 at the position of {φ1 = 10°, φ = 65°, φ2 = 0°}. However, in the case of 60% warm-drawn + IA state, a large number of grains have slightly changed their orientations along φ, and the main component is characterized by another high density (Figure 6c) around the position of {φ1 = 15°, φ = 45°, φ2 = 0°}, i.e., close to ([image: there is no content]2[image: there is no content]3)[10[image: there is no content]0]. Meanwhile, other types of textures also occur and increase orientation density, such as {φ1 = 0°, φ = 10°, φ2 = 0°} and {φ1 = 0°, φ = 60°, φ2 = 30°}. Thus, the texture evolution during recrystallization with increasing drawing deformation can be roughly depicted as the following two stages. In the first stage, the texture is strengthened and the main texture components undergo limited change within 30% drawing deformation, since the oriented nucleation and growth of grains become dominant during subsequent isothermal annealing. It is worth noting that, even though an additional ~15% of β phase has transformed to α phase, new texture has not been formed in this stage. In the second stage, the main texture during recrystallization in this alloy, initially deformed by 60% warm drawing, has been shifted into a new component, i.e., {φ1 = 15°, φ = 45°, φ2 = 0°}.


Figure 6. Representation of ODF sections at constant φ1 corresponding to IA states: (a) as-received + IA state: φ1 = 0° and φ1 = 15°; (b) 30% warm-drawn + IA state: φ1 = 0° and φ1 = 10°; (c) 60% warm-drawn + IA state: φ1 = 0° and φ1 = 15°.
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Based on the ODFs data, the main observed texture components for the α phase with corresponding volume fraction (misorientation tolerance of 15°) and texture index are summarized in Table 2. Overall, the texture index is increasing with increasing drawing deformation but the texture increases nonlinearly. It can be seen that there is a sharp increase after 30% drawing deformation (from 2.51 to 4.25), while a slight increase from 4.25, corresponding to 30% drawing deformation, to 4.53, corresponding to 60% drawing deformation. A similar trend on texture index is observed in post-deformation IA samples. It suggests that the texture index for deformed and annealed states is more sensitive to the drawing deformation in the first stage.



Table 2. Obtained texture characteristics in the alloy after warm drawing and isothermal annealing.







	
Sample State

	
Euler Angles, °

	
Orientation Density

	
Texture Component, ~(hkil)[uvtw]

	
Volume Fraction, %

	
Texture Index




	
φ1

	
φ

	
φ2






	
As-received

	
0

	
70

	
30

	
6.22

	
(01[image: there is no content]1)[2[image: there is no content]0]

	
2.67

	
2.51




	
15

	
60

	
0

	
5.16

	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
2.87




	
0

	
0

	
0

	
4.36

	
(0001)[10[image: there is no content]0]

	
3.90




	
30% warm-drawn

	
15

	
65

	
0

	
7.60

	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
4.46

	
4.25




	
0

	
25

	
10

	
4.69

	
([image: there is no content]3[image: there is no content]9)[10[image: there is no content]0]

	
3.89




	
60% warm-drawn

	
10

	
65

	
0

	
8.62

	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
5.29

	
4.53




	
0

	
35

	
0

	
5.53

	
([image: there is no content]2[image: there is no content]5)[10[image: there is no content]0]

	
5.16




	
As-received + IA

	
15

	
60

	
0

	
7.23

	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
2.94

	
3.77




	
0

	
65

	
30

	
6.58

	
(01[image: there is no content]1)[2[image: there is no content]0]

	
3.17




	
0

	
15

	
0

	
5.36

	
(0001)[10[image: there is no content]0]

	
3.76




	
30% + IA

	
10

	
65

	
0

	
10.75

	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
6.12

	
8.09




	
0

	
70

	
30

	
6.04

	
(01[image: there is no content]1)[2[image: there is no content]0]

	
4.91




	
60% + IA

	
15

	
45

	
0

	
10.83

	
([image: there is no content]2[image: there is no content]3)[10[image: there is no content]0]

	
8.39

	
10.95




	
0

	
10

	
0

	
7.77

	
(0001)[10[image: there is no content]0]

	
7.16




	
0

	
60

	
30

	
6.92

	
(01[image: there is no content]1)[2[image: there is no content]0]

	
4.64











3.3. Mechanical Properties


It is generally known that mechanical properties of titanium alloys are affected by grain size, degree of work hardening, texture, etc. [4,14,33]. In order to test these effects, tensile properties (i.e., UTS: ultimate tensile strength, YS: yield strength, RA: reduction in area, and EL: elongation) for VT3-1 alloy in various states were evaluated.



The variation of tensile properties of drawn states as a function of drawing deformation is shown in Figure 7. The YS and UTS increase from 1037 MPa and 1096 MPa for as-received state to 1277 MPa and 1310 MPa for the 60% warm-drawn state, respectively, which can directly result from grain refinement (Figure 2) and work hardening (dislocation density). However, the RA and EL drop from 61.9% and 18.2% for as-received state to 46.1% and 10.1% for 60% warm-drawn state, respectively.


Figure 7. Variation of tensile properties of warm-drawn states as a function of drawing deformation. RA: reduction in area; UTS: ultimate tensile strength; YS: yield strength; EL: elongation.
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Figure 8 shows the variation of tensile properties of IA states as a function of drawing deformation. It can be observed that the IA samples show much higher and more stable ductility though the strength decreases compared with their deformed state, which results from recovery and recrystallization during isothermal annealing. Meanwhile, the strength of IA samples increases with increasing drawing deformation. Because the retained β phase is dispersed at triple points of α phase and α phase bears a large fraction of total deformation [2,4], the similar volume fraction of equiaxed α grains (~80%) for IA samples is chosen to assess the mechanical properties. The Hall-Petch equation has been described for several classes of two-phase alloys [34,35]:


[image: there is no content]



(2)




where σ is the strength, σ0 and K are constants for the metal, and d is the mean diameter of the grains. As shown in Figure 9, the values of YS and UTS for IA states are plotted against d−1/2. The experimental values of strength are basically in line with fitted curve but show a different variation which disagrees with the standard Hall-Petch relationship (positive slope). For example, the YS of as-received + IA sample with mean grain size of 4.6 μm is 950 MPa, while the YS of 60% + IA sample with 5.8 μm is 991 MPa. It was mentioned previously that α phase develops sharp texture during drawing and annealing owing to a limited number of slip systems of HCP materials at room temperature, which may result in texture hardening or softening. So, texture modification during isothermal annealing is considered to be responsible for this trend (negative slope).


Figure 8. Variation of tensile properties of IA states as a function of drawing deformation.
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Figure 9. Yield strength (YS) and ultimate tensile strength (UTS) against grain size (d−1/2) for IA states.
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The Schmid factor (m value), as an important parameter of dislocation slip mechanism based on crystallographic model, can be applied to understand the effect of texture on yield-stress behavior:


[image: there is no content]



(3)




where θ is the angle between the loading direction and the normal direction to slip plane, and λ is the angle between the loading direction and slip direction. There are 24 possible activated slip systems (four types of slip systems), including 3 basal <a>, 3 prismatic <a>, 6 pyramidal <a> and 12 pyramidal <c + a> slip systems, which are the most important deformation systems in the hexagonal α phase for α/β titanium alloy [25,36,37,38,39]. The m values for uniaxial tension are calculated based on the major texture components as shown in Table 3. Overall, basal <a> slip can hardly be activated because all the m values for basal <a> slip are small, while prismatic <a>, pyramidal <a> and pyramidal <c + a> slips with higher m values are activated preferentially.



Table 3. Schmid factor values based on obtained major texture components and main slip systems.







	
Texture Component, ~(hkil)[uvtw]

	
Schmid Factor




	
Basal <a>, {0001}<11[image: there is no content]0>

	
Prismatic <a>, {10[image: there is no content]0}<11[image: there is no content]0>

	
Pyramidal <a>, {10[image: there is no content]1}<11[image: there is no content]0>

	
Pyramidal <c + a>, {10[image: there is no content]1}<11[image: there is no content]3>






	
(01[image: there is no content]1)[2[image: there is no content]0]

	
0; 0; 0

	
0.43 *; 0.43; 0

	
0; 0; 0.38; 0.38; 0.38; 0.38

	
0.2; 0.4; 0.2; 0.4; 0.4; 0.2; 0; 0; 0; 0; 0; 0




	
([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0]

	
0.13; 0.12; 0.14

	
0.45; 0.07; 0.38

	
0.30; 0.37; 0.01; 0.14; 0.44; 0.36

	
0.05; 0.19; 0.07; 0.25; 0.32; 0.28; 0.48 *; 0.45; 0.08; 0.14; 0.03; 0.17




	
(0001)[10[image: there is no content]0]

	
0; 0; 0

	
0.43; 0; 0.43 *

	
0.38; 0.38; 0; 0; 0.38; 0.38

	
0; 0.2; 0; 0.2; 0.4; 0.4; 0.4; 0.4; 0; 0.2; 0; 0.2




	
([image: there is no content]3[image: there is no content]9)[10[image: there is no content]0]

	
0; 0; 0

	
0.49 *; 0.17; 0.32

	
0.28; 0.28; 0.15; 0.15; 0.43; 0.43

	
0.05; 0.28; 0.05; 0.28; 0.43; 0.35; 0.43; 0.35; 0.03; 0.12; 0.03; 0.12




	
([image: there is no content]2[image: there is no content]5)[10[image: there is no content]0]

	
0; 0; 0

	
0.43 *; 0; 0.43

	
0.38; 0.38; 0; 0; 0.38; 0.38

	
0; 0.2; 0; 0.2; 0.4; 0.4; 0.4; 0.4; 0; 0.2; 0; 0.2




	
([image: there is no content]2[image: there is no content]3)[10[image: there is no content]0]

	
0.14; 0.03; 0.17

	
0.47; 0.18; 0.3

	
0.24; 0.29; 0.07; 0.24; 0.47; 0.36

	
0.04; 0.22; 0.12; 0.31; 0.32; 0.22; 0.49 *; 0.42; 0.09; 0.09; 0.01; 0.11








Values with “*” are the highest m values.








The Sachs model [25] was used to analyze the effect of crystal orientation and deformation mode on mechanical properties. This model assumes that polycrystalline materials can be treated as an arrangement of isolated single crystals without the effects of boundaries and other neighboring grains; meanwhile, homogeneous deformation occurs throughout each grain which bears the same external stress. Under these ideal conditions, crystal orientation is the only factor for activating slip systems. In a single grain, the Schmid law is given as:


[image: there is no content]



(4)




where [image: there is no content] is critical resolved shear stress, Mc is comprehensive Schmid factor, and σy is yield strength. The Mc can be calculated from the following equation:


[image: there is no content]



(5)




where m(gi) is Schmid factor of the characteristic orientation gi and f(gi) is the volume fraction of gi for the whole orientation space k. In Equation (5), the m(gi) is determined by the highest value of 24 possible activated slip systems. For polycrystalline materials, assuming that the only slip system would be activated in a single grain and no texture area has equal contribution to stress, an estimation of the effect of orientation on yield stress can be made. Combining Equations (4) and (5), the calculated yield stress (σc) is defined as follows:


[image: there is no content]



(6)




where [image: there is no content] is the [image: there is no content] for activated slip systems (two or three observed preferred orientations for one state in Table 2), f(i) is the volume fraction of preferred orientations, and σ* is the normalized yield stress. However, there is the lack of consensus on [image: there is no content] and their ratios for different deformation systems in polycrystalline metals. Based on some previous experimental and simulated estimations on [image: there is no content] [10,25,37,40], the parameters including [image: there is no content] of 270 MPa, σ* of 877.8 MPa, and the [image: there is no content] ratios of 1:1:3 for prismatic <a>:pyramidal <a>:pyramidal <c + a> are employed in this work. The calculated yield stresses under different processing conditions are listed in Table 4. The change in σc is limited in drawn samples compared to other factors, while IA samples are more likely to be affected by texture due to the increase of texture index. Interestingly, the varying trend of the calculated yield stress is in agreement with the experimental values, and the negative slope of the Hall-Petch relationship is found as displayed in Figure 9. Therefore, the textures for IA samples play a critical role in determining the yield stress besides the grain size. For the as-received + IA sample, the slight texture softening occurs because the soft orientation (highest m value for prismatic <a> with low [image: there is no content]) has a larger volume fraction than some hard orientations. However, the 30% + IA and 60% + IA samples exhibit texture hardening owing to {φ1 = 10°, φ = 65°, φ2 = 0°} and {φ1 = 15°, φ = 45°, φ2 = 0°}, respectively, which are the hard orientations with the highest m values for pyramidal <c + a> with high [image: there is no content].



Table 4. Calculated yield stresses under different processing conditions.







	
Sample State

	
Calculated Yield Stress, MPa






	
As-received

	
884.6




	
30% warm-drawn

	
901.2




	
60% warm-drawn

	
907.7




	
As-received + IA

	
875.5




	
30% + IA

	
910.6




	
60% + IA

	
913.4










In summary, grain size and texture synergistically govern the strength level of drawn and annealed Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si alloy. In order to obtain the balance of strength and ductility for α + β titanium alloys, the warm-drawing process is worth exploring not only for the grain refinement but also for texture hardening.





4. Conclusions


Microstructure and texture evolution of Ti–6Al–1.5Cr–2.5Mo–0.5Fe–0.3Si (VT3-1) alloy during multi-pass warm drawing and subsequent isothermal annealing have been systematically investigated and correlated with the mechanical properties. The main conclusions can be summarized as follows.

	(1)

	
For drawn samples, α grains are gradually elongated along the drawing direction with increasing deformation, and a fiber-like microstructure is formed after 60% warm-drawing deformation. After isothermal annealing, the microstructure is more homogeneous with increasing deformation, although the volume fraction of the α phase is similar.




	(2)

	
The fiber texture with orientations around the position of {φ1 = 10°, φ = 65°, φ2 = 0°}, i.e., close to ([image: there is no content]2[image: there is no content]2)[10[image: there is no content]0], gradually becomes the major and stable type of texture during warm drawing. For IA samples, the textures during recrystallization show significant increases in texture intensity and in volume fraction compared to their deformed states due to a preferential grain growth along the orientation of original deformation textures. However, for the 60% + IA samples, the major orientation has been shifted into a new one with c-axis titled ~20° compared with {φ1 = 10°, φ = 65°, φ2 = 0°}. The texture indices for deformed and annealed states are sensitive within the 30% drawing deformation.




	(3)

	
The samples processed by multi-pass warm drawing exhibit high strength and low ductility owing to significant grain refinement and work hardening. For IA samples, a high and stable ductility is obtained. Moreover, a negative slope of yield strength versus d−1/2 is observed as a result of texture softening in as-received + IA samples but texture hardening in drawn + IA samples. The relationship between texture and yield strength indicates that texture developed during drawing is beneficial to improving strength of IA states.
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