Tension-compression asymmetry and shear strength of titanium alloys
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Abstract: The relation between the tension-compression asymmetry (TCA) and shear strength in a wide variety of Ti alloys was examined. For this purpose, uniaxial tensile and compression, and double shear strength tests were performed on 13 Ti alloys, which have different microstructural phases (, +, and ) and underwent different thermo-mechanical histories. Results show that the tensile-to-compressive yield strength and shear-to-tensile strength ratios of the alloys vary widely (between 0.79 to 1.24 and 0.52 to 0.86, respectively). A linear dependence between shear yield strength and tensile or compressive yield strength (whichever is lower) of all the alloys is found. While the ultimate shear and tensile strengths also show a linear dependence, data obtained on the fully  alloys are distinct. Finite element analyses employing the Drucker-Prager (DP) yield condition (to account for pressure-dependence on yield), Ludwick’s strain hardening model, and Rice-Tracey failure criterion were performed to gain insights into the experimental trends. Results show that TCA decreases the shear yield stress while the shear strength is sensitive to the rate of hardening. A good correlation between the experimental and simulated shear-to-tensile yield strength ratios was observed. Based on a large, simulated dataset (generated using different combinations of material parameters), an empirical relation between shear strength, TCA, and tensile strengths was identified. 
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1. Introduction
Titanium alloys are widely used in the aerospace industry due to their high specific stiffness and strength, as well as excellent corrosion resistance [1–4]. One of most common applications of them is as fasteners for joining various components such as panels; a typical passenger aeroplane would use thousands of fasteners for example [5]. Since shear failure dominants such structural components, designing alloys for high shear strength is of utmost importance [6,7]. For isotropic metallic materials, where continuum yielding of the material depends exclusively on the deviatoric component of the stress tensor (as plasticity is volume conserving), the shear yield strength (y) to tensile yield strength (y,t) ratio should either be 0.577 (as per the von Mises yield criterion) or 0.50 (as per the Tresca yield criterion) [8]. In close packed metals, especially those with the face centered cubic (fcc) crystal structure, glide of dislocations does not require a significant local dilatation at the dislocation cores and hence the above criteria hold good. Typically, components such as fasteners, which are subjected primarily to shear loads, are designed by setting y = 0.5y,t [6,9–11]. However, if twinning and/or martensitic phase transformations contribute significantly to the plasticity of the alloy, there could be considerable normal stress/pressure dependence on yielding as those deformation processes require local volume expansion for initiation [12]. There are several consequences of pressure sensitivity to plastic flow. Tension-compression asymmetry (TCA) and divergence between estimated (from y,t) and experimental values of y are the two important ones in the present context. Detailed understanding of the latter becomes important in design of components that undergo predominantly shear loading.
Published literature suggests that y of Ti and its alloys deviates significantly from being 0.5 to 0.577 times y,t [6,13,14], suggesting that these alloys are susceptible to normal stress/pressure dependence [15–17]. In α-Ti alloys such as CP-Ti, Lin et al. [18] observed large TCA at room temperature. Similarly, Perilla et al. [15] observed yield strength in compression, y,c, to be approximately ~50% higher than y,t in highly textured α+β alloy, Ti-6Al-4V (referred as Ti64 here afterwards; this and all the compositions hereafter are in wt.%) that was in sheet form. (Here, α and β phases are those with hexagonal close packed (hcp) and body centered close packed (bcc) crystal structures, respectively.) On the other hand, the observed asymmetry was much smaller in wrought bars [13,19], which indicates that the processing route has a significant effect on TCA in Ti alloys. For the β alloys, TCA was reportedly small [13,20,21]. 
A possible microscopic reason for the pronounced TCA in Ti alloys could be the following. The number of independent slip systems in crystals with hcp structure is limited, whereas the von Mises condition for generalized ductility requires it to be at least five [22]. Hence, plastic deformation via twinning often becomes necessary. This could be also a reason for the observed divergence between experiment and estimated values of y. The origin of TCA in various Ti alloys has been attributed to factors such as differences in the active deformation mechanisms in tension and compression [16,18,23–25], non-Schmid effects such as the normal stress on the glide plane affecting the friction stress required for slip and twinning [26,27], processing induced texture [15,16,24], asymmetry for <c+a> slip [23], and asymmetry in spreading and dissociation of the dislocation core [28–31].
	In the last decade, significant research effort has been made to understand TCA in yield, which is also referred to as strength differential, in various Ti and its alloys [15,18,19,23,28,32,33]. This is because TCA has a wide range of effects, some of which are often detrimental to mechanical and forming properties. For instance, deployment of alloys that exhibit significant asymmetry in yield as structural components such as in beams, sheets, and tubes, wherein they are likely to be subjected to bending types of loading [34], is limited. This is because one side of the part will experience tension whereas the opposite side would be in compression; this could lead to the plastic deformation initiating on one side much before the other side. Yield asymmetry could also hamper drawing and thin sheet manufacturing [35,36]. 
Keeping the above in view, this study was initiated to critically examine TCA in Ti alloys, with the motivation that such knowledge can aid in developing alloys with high y. The following are some of the issues that are explored. (a) The presence of α, β, or both phases in the alloy dictate the activated slip and twinning systems and thus yield asymmetry. However, the role of varying β content in the alloy on the TCA in Ti alloys is unknown. (b) Influence of processing induced deformation texture on the TCA, if any, as the stress state in forging, rolling, and extrusion are different. Thus, the alloy processed through forging will have different sensitivity to hydrostatic pressure in comparison to alloy processed through extrusion. (c) Establish a relationship between shear strength and tensile strength in Ti alloys with the aim to identify key attributes like composition, microstructure, etc. that results in high shear strength. (d) Effect of pressure/normal stress sensitivity on the TCA and its relationship between tensile and shear yield strength. For this purpose, 13 different commercial Ti alloys within α, α+β and β classes are examined. Tension, compression, and double-shear tests are performed on these alloys with varying β phase content, Vβ. The alloys were thermo-mechanically processed and/or heat-treated in the α+β or β regimes, so as to vary Vβ. Detailed analysis of tensile and double-shear strengths and their correlation with the microstructure and deformation behaviour is carried out and discussed. These studies are complemented with the parametric finite element analyses of the double-shear tests to gain insights into the deformation localization and its consequences.

2. Experimental procedures 
2.1. Materials
The materials used in the present investigation comprise all the three classes (α, α+β, and β) of Ti alloys, which are the following: commercially pure (CP)-Ti, which is an α alloy; Ti64, Ti-5.3Al-3Mo-1.5V (referred as VT14 here afterwards) and Ti-4Mo, which are α+β alloys; Ti-10Mo, -15Mo and Ti-5Al-5V-5Mo-3Cr (referred as Ti5553 here afterwards) that are β alloys. These alloys are further thermo-mechanically processed and/or heat-treated to generate varying amounts of α/β phase fractions.
	On the basis of the alloy chemistry and the processing history, the examined alloys are divided into five groups. Group I consists of grade 2 CP-Ti with 100% α phase. Group II consists of Ti5553 alloy in two different heat-treatment conditions. In the first, the alloy is solution treated at 900 °C, which is ~50 °C above the β transus temperature, Tβ, for 1 h followed by air-cooling. At that temperature, the microstructure completely transforms to β. Hence, an alloy with 100% β phase is obtained [37]. It will be referred as Ti5553-ST here afterwards. Subsequent ageing at 600 °C for 6 h followed by air cooling transforms some of the β into secondary α. It will be referred to as Ti5553-A hereafter. More details about this heat-treatment and ageing procedure can be obtained from Refs. [38,39]. 
	Group III consists of Ti-xMo alloys with the Mo contents (x) of 4, 10, and 15 wt.%. These alloys were made specifically for the purpose of this study. After casting, these alloys were rolled at 750 °C and solution heat-treated above their respective Tβ (at 900, 840, and 830 °C, respectively) for 0.5 h followed by air cooling. 
	Both Ti64 (both normal and ELI[footnoteRef:3] grades) and VT14 fall in the α+β alloy class and are labelled Group IV. These alloys were multi-pass calibre rolled at temperatures between 750 and 950 °C, followed by air cooling (see Ref. [40] for details). Group V consists of Ti64 and Ti5553, which were extruded at 750 °C and then water quenched. The chemical compositions of all the alloys in the as-received condition are listed in Table 1. Table 2 lists the acronyms used in the present work, details of the thermo-mechanical processing and heat-treatment schedules that each alloy was subjected to, form and dimensions of stock from which the tested specimens were machined, and Tβ, of the alloys examined.  [3: ELI- extra low interstitial, the interstitial elements especially O levels are reduced below 0.1 wt.% and N below 0.05 wt.%.] 


Table 1. Chemical compositions (in wt.%) of the alloys examined in this work.
	Group
	Alloy
	Al
	V
	Mo
	Fe
	C
	Cr
	O
	N
	H
	Ti

	I
	CP-Ti
	-
	-
	-
	0.25
	0.080
	-
	0.200
	0.060
	0.013
	Bal.

	II
	Ti5553
	4.91
	5.25
	5.22
	0.35
	0.008
	2.98
	0.135
	0.006
	0.001
	Bal.

	III
	Ti-4Mo
	-
	-
	4
	-
	-
	-
	-
	-
	-
	Bal.

	
	Ti-10Mo
	-
	-
	10
	-
	-
	-
	-
	-
	-
	Bal.

	
	Ti-15Mo
	-
	-
	15
	-
	-
	-
	-
	-
	-
	Bal.

	IV
	ELI Ti64
	6.33
	3.88
	-
	0.04
	0.011
	-
	0.093
	0.003
	0.009
	Bal.

	
	Ti64
	6.13
	4.17
	-
	0.04
	0.017
	-
	0.153
	0.003
	0.003
	Bal.

	
	VT14
	5.32
	1.65
	-
	0.06
	0.010
	-
	0.093
	0.007
	0.002
	Bal.

	V

	Ti64
	6.12
	4.10
	-
	0.30
	0.08
	-
	0.200
	0.050
	0.012
	Bal.

	
	Ti5553
	5.05
	4.75
	4.75
	0.35
	0.008
	3.10
	0.135
	0.006
	0.001
	Bal.






Table 2. Acronyms, heat-treatment details, and physical properties of the alloys examined. 

	Group
	Alloy
	Acronym
	Heat treatment
	β-transus, Tβ
(°C)
	Form /Dimensions

	I
	CP-Ti
	CP-Ti
	Annealed 700 °C /2 h/AC
	875
	Plate
(100 x 80 x 20 mm3)

	II
	Ti5553
	Ti5553-ST
	ST 900 °C/1 h/WQ
	845
	Billet
(150 mm in dia.)

	
	
	Ti5553-A
	ST 900 °C/1 h/WQ+ Aged 600 °C/6 h/AC
	
	

	III
	Ti-4Mo
	Ti-4Mo
	Rolled 750 °C/AC + ST 900 °C/30 min/AC
	840
	Plate
(80 x 60 x 10 mm3)

	
	Ti-10Mo
	Ti-10Mo
	Rolled 750 °C/AC + ST 840 °C/30 min/AC
	790
	

	
	Ti-15Mo
	Ti-15Mo
	Rolled 750 °C/AC + ST 830 °C/30 min/AC
	740
	

	IV
	ELI Ti64
	ELI Ti64-750
	Caliber Rolled 750 °C/AC
	980
	Rod
(12 mm in dia.)

	
	
	ELI Ti64-950
	Caliber Rolled 950 °C/AC
	
	

	
	Ti64
	Ti64-950
	Caliber Rolled 950 °C/AC
	995
	

	
	VT14
	VT14-750
	Caliber Rolled 750 °C/AC
	965
	

	
	
	VT14-900
	Caliber Rolled 900 °C/AC
	
	

	V
	Ti64
	Ext-Ti64-750
	Extruded 750 °C/AC
	995
	Rod
(25 mm in dia.)

	
	Ti5553
	Ext-Ti5553-750
	Extruded 750 °C/AC
	845
	



	2.2.  Microstructural characterization 
The alloys examined in this work exhibit a variety of microstructures, whose characteristic length scales span a wide range. The development of microstructural features in them primarily depends upon the alloy type, thermo-mechanical processing history, and whether the heat treatment temperature is above or below Tβ, cooling rate, etc [41]. For example, CP-Ti processed below Tβ exhibits a single α phase microstructure, whereas the α+β alloys processed and annealed below Tβ show equiaxed α microstructure within a transformed β matrix [41]. In contrast to the α and α+β alloys, the β alloys are amenable to heat-treatment and do not undergo martensitic transformation upon fast cooling from the β phase field [41]. On the basis of the microstructural features developed after thermo-mechanical processing and heat-treatment, the following parameters for each alloy are quantified: volume fractions of primary α, secondary α (referred to as αs), and , and grain sizes of primary α and β. These are labelled as Vα, Vαs, Vβ, dα, and dβ, respectively. The average values of these microstructural parameters (where applicable) are summarized in Table 3. A brief description of the methods used to obtain those is provided below.

Table 3. [Mo]eqv. and average values of the volume fractions of primary α (Vα), secondary α (Vαs), and β (Vβ) phases, and grain sizes of primary α (dα) and β (dβ) in the alloys examined in the present work. 

	Group
	Alloy
	[Mo]eqv
	Vα (%)
	Vβ (%)
	Vαs (%)
	dα (μm)
	dβ 
(μm)
	Source

	I
	CP-Ti
	0.725
	100
	-
	-
	70
	
	Present work

	II
	Ti5553-ST
	10.13
	-
	100
	-
	-
	300
	Jones et al. [37]

	
	Ti5553-A
	10.13
	52
	48
	-
	
	
	Present work

	III
	Ti-4Mo
	4
	100*
	-
	-
	
	
	Present work

	
	Ti-10Mo
	10
	-
	100
	-
	-
	120
	

	
	Ti-15Mo
	15
	-
	100
	-
	-
	200
	

	IV
	ELI Ti64-750
	-3.61
	77.3
	22.7
	-
	3.51
	-
	Nayan et al. [40]

	
	ELI Ti64-950
	-3.61
	43.7
	56.3
	18.7
	3.61
	-
	

	
	Ti64-950
	-3.22
	52.4
	47.6
	15.8
	6.53
	-
	

	
	VT14-750
	-0.83
	62
	38
	-
	2.92
	-
	

	
	VT14-900
	-0.83
	48
	52
	14
	3.61
	-
	

	V
	Ext-Ti64-750
	-2.51
	73.3
	26.7
	-
	
	
	Present work

	
	Ext-Ti5553-750
	8.85
	23
	77
	-
	3.5
	
	Present work

	*- exists as martensitic  phase
- too fine to measure



	Microstructural characterization was performed using optical microscopy (OM) as well as scanning electron microscopy (SEM) on 5 mm diameter specimens that are 3 mm thick. The locations from where these specimens were extracted from the bar, plate, and rod stocks are schematically illustrated in Fig. S1(a) of the supplementary information (SI). They were subsequently prepared metallographically, using standard grinding and polishing procedures. Vα and Vβ were determined via the point count technique [42]. For this purpose, a regular grid of points was overlaid on the high magnification SEM images. For example, Vβ is estimated by dividing the number of points that lie on the β phase by the total number of points. More than 50 measurements were performed in each condition. These images were also used to estimate dα and dβ. Values of dα, in CP-Ti and Ext-Ti64-750, and dβ, in Ti-10Mo, Ti-15Mo and Ext-Ti5553-750 were determined using the linear intercept method [43]. The average grain sizes and volume fractions of different phases in other conditions, measured and reported in Refs. [37,40], are also listed in Table 3.

2.3. Mechanical properties 
Room temperature, uniaxial tension and compression tests were carried out in a screw-driven universal testing machine at a nominal strain rate of 10-3 s-1. Specimens for these tests were electric discharge machined such that the loading axis is parallel to the rolling direction for plates and rods, and the long axis of the bars (see Fig. S1a). Tension tests were performed on cylindrical dog-bone specimens with a gauge length and a diameter of 16 and 4 mm, respectively. For the compression tests, cylindrical specimens with an 8 mm diameter and a 12 mm height were utilized. Fig. S1(b) shows schematic drawings of these specimens. Tension tests were carried out until failure, while the compression tests were performed to a nominal strain, ε, of 15%. The load (P) and displacement (Δ) data were converted into engineering stress, σ, and strain, ε, using the standard procedures. Tensile and compressive yield strengths, y,t and y,c respectively, are determined at 0.2% off-set strain. 
	The shear responses of the alloys are determined in the double-shear configuration as per the standard: NASM 1312-13, in which the specimen is loaded in shear on two parallel planes perpendicular to the longitudinal axis. Specimens that are 4 mm in diameter and 60 mm in length (Fig. S1b) are placed inside the test fixture; a schematic drawing of the fixture is displayed in Fig. S2(a). Testing was performed in a servo-hydraulic machine at a rate of 0.004 mm/s. Loading was continued until after the ultimate load, Fmax, has been reached or the sample shears. The free body diagram of centre of the sample and a schematic of its failure in double-shear type of loading are displayed in Figs. S2(b) and S2(c), respectively. The average shear stress, τ, on the specimen is estimated as:

	τ =  =  =								[1]

where F is the applied load, P =F/2, A is the cross-sectional area of the shear specimen. Note that the estimation of the shear strain, γ, over the cross-section is not possible due to a non-uniform distribution of it, especially once plastic deformation sets in. Hence, the shear yield strength, τy, is determined at an off-set of 0.01 mm displacement. The (ultimate) shear strength or double shear strength, τu, is defined as = Fmax/2A. Three specimens each were tested in tension, compression and double-shear configurations for each alloy and the average values are reported here. Fractography on the tensile and double-shear tested specimens was performed using SEM to determine the predominant fracture mode.

3. Results
3.1. Microstructures
Representative microstructures of the alloys examined in this study, obtained from the longitudinal cross-sections (see Fig. S1a), are displayed in Fig. 1. The microstructure of the CP-Ti alloy consists of equiaxed α grains with an average grain size of ~70 μm (Fig. 1a). The microstructure of the Ti5553-ST alloy predominantly consists of equiaxed β grains with an average size of ~300 μm (Fig. 1b). The formation of sub-grains, whose average size is ~10 μm, within the prior β grains can be seen as well [37]. Since no evidence for the presence of the α phase in the microstructure could be found, it is considered as a fully β alloy. The microstructure of its aged counterpart, Ti5553-A, shows fine nm-scale precipitates of α within the β matrix (Fig. 1c). (Although the microstructure displayed in Fig. 1c does not show these precipitates, we infer their existence from the observations reported in literature [38,39]. As a result of the ageing heat-treatment, Vβ decreases to 48%. 
	Figs. 1(d), (e), and (f) show the microstructures of the Ti-xMo alloys in Group-III with the Mo contents of 4, 10 and 15 wt.%, respectively. Annealing above Tβ followed by air-cooling results in a martensite  structure with impinging  laths in Ti-4Mo, Fig. 1(d). This is in contrast to completely retained β structure both in Ti -10Mo and -15Mo alloys, Figs. 1(e) and (f). It has been reported in the literature that a minimum of 10 wt.% β-stabilizing elements like Mo, V, Fe, Cr, and Nb in total is required to retain the β phase after quenching [1]. Thus, the observed martensite  structure in the Ti-4Mo alloy is possibly due to the relatively low β-stabilizer content in it. When the Mo content is increased from 10 to 15 wt.%, dβ increased from 120 to 200 μm. 
	Figs. 1(g) to (k) show the representative microstructures of the ELI and normal grade Ti64 and VT alloys after caliber rolling at different temperatures. Both the ELI Ti64 (Fig. 1(g)) and VT14 (Fig. 1(j)) alloys rolled at 750 °C show completely fragmented β with occasional kinks in the α laths. The α/β lamellar morphology was also broken. On the other hand, the ELI and normal grade Ti64 and VT14 alloys rolled at 950 and 900 °C, respectively, show a bimodal microstructure with an equiaxed primary α phase in the transformed β matrix, Figs. 1(h), (i) and (k), respectively. Microstructures of the Ext-Ti64-750 and Ext-Ti5553-750 alloys are displayed in Figs. 1(l) and (m) respectively. From Fig. 1(l), it is seen that the extrusion of Ti64 at 750 °C resulted in the complete fragmentation of the β phase and a homogeneous distribution of it in the α matrix. In Ti5553, equiaxed primary α with an average size of 3.5 μm in the β matrix was observed, Fig. 1(m). 
	The measured values of Vβ in the alloys examined in the present work are summarized in Table 3. At any specific temperature, Vβ depends upon the total content of the β-stabilizing elements in the alloy, which can be estimated with the aid of  the empirical parameter ‘molybdenum equivalent’, [Mo]eqv., defined as [41]:

	[Mo]eqv.= 1.0[Mo] + 0.67[V] + 2.9[Fe] + 1.6[Cr] - 1.0[Al].			[2]

Values of [Mo]eqv., estimated using the above empirical formula, for various alloys are also listed in Table 3. It is seen from it that a broad correlation between Vβ and [Mo]eqv. exists, except for CP-Ti and Ti-4Mo, both of which do not contain any  phase. Note that Vβ in any given alloy also depends on the temperature at which the alloy is thermo-mechanical processed or heat-treated. 

3.2.  Uniaxial stress-strain responses

Table 4. Average values of the tensile yield (σy,t), ultimate tensile (σu,t), compressive yield (σy,c), shear yield (τy), double shear (τu) strengths, tension-compression asymmetry ( and von Mises stress ratio, .

	Group
	Alloy
	σy,t
(MPa)
	σu,t
(MPa)
	σy,c (MPa)
	τy
(MPa)
	τu
(MPa)
	
	
Ψ
(x 10-2)
	
	

	I
	CP-Ti
	331.8 ± 9
	432.5 ± 12
	322 ± 10
	216.8 ± 9
	371 ± 10
	1.03
	0.09
	0.65
	0.86

	II
	Ti5553-ST
	783.9 ± 8
	820 ± 10
	852.7 ± 9
	489.1 ± 6
	665.6 ± 5
	0.91
	0.81
	0.62
	0.81

	
	Ti5553-A
	1435.5 ± 10
	1491 ± 8
	1557.8 ± 10
	799.4 ± 8
	884.2 ± 5
	0.92
	0.64
	0.56
	0.59

	III
	Ti-4Mo
	787.2 ± 12
	1000 ± 13
	997.1 ± 15
	487.7 ± 16
	581.4 ± 30
	0.79
	4.41
	0.62
	0.58

	
	Ti-10Mo
	916.4 ± 8
	940 ± 11
	1037.6 ± 9
	563.7 ± 10
	727.9 ± 14
	0.88
	1.44
	0.62
	0.77

	
	Ti-15Mo
	753.8 ± 10
	870 ± 12
	849.8 ± 12
	459.8 ± 8
	679.1 ± 3
	0.89
	1.21
	0.61
	0.78

	IV
	ELI Ti64-750
	1088.4 ± 8
	1230 ± 10
	985.6 ± 11
	528.7 ± 3
	692.7 ± 11
	1.10
	1.00
	0.49
	0.56

	
	ELI Ti64-950
	976.9 ± 12
	1132 ± 10
	1013.5 ±11 
	517.4 ± 15
	678.3 ± 10
	0.96
	0.16
	0.53
	0.60

	
	Ti64-950
	958.2 ± 7
	1113 ± 8
	924.1 ± 5
	547.5 ± 5
	709.9 ± 4.5
	1.04
	0.16
	0.57
	0.64

	
	VT14-750
	1081.5 ± 8
	1282 ± 11
	978.8 ± 9
	536.3 ± 4
	670.8 ± 2.5
	1.10
	1.00
	0.50
	0.52

	
	VT14-900
	1050.4 ± 7
	1130 ± 9
	1043.8 ± 10
	582.2 ± 6
	650.8 ± 5
	1.01
	0.01
	0.54
	0.58

	V
	Ext-Ti64-750
	1171.9 ± 11
	1350 ± 16
	955.5 ± 9
	590.5 ± 10
	719.8 ± 20
	1.23
	5.29
	0.50
	0.53

	
	Ext-Ti5553-750
	1058.5± 15
	1150 ± 6
	856.9 ± 13
	545.4 ± 9
	688.3 ± 4
	1.24
	5.76
	0.52
	0.60



Representative uniaxial tensile and compressive stress-strain responses of all the alloys examined in this work are shown in Figs. 2 and 3, respectively. Values of σy,t, ultimate tensile strength, σu, and σy,c extracted from these plots are listed in Table 4. The tensile and compressive stress-strain responses of CP-Ti (Grade 2), displayed in Figs. 2(a) and 3(a) respectively, show a smooth elastic to plastic transition with relatively low strength and a large elongation-to-failure value in tension (~34%). The tensile and compressive stress-strain plots of the Ti5553-ST and Ti5553-A alloys are displayed in Figs. 2(b) and 3(b), respectively. The strength of the alloy increases considerably upon ageing, which is due to the dispersion hardening caused by nano-scale α precipitates within the β matrix [44,45]. In both the conditions, σy,t is marginally smaller in comparison to σy,c. 
	The tensile and compressive stress-strain responses of Ti-xMo alloys are displayed in Figs. 2(c) and 3(c), respectively. Significant strain hardening before fracture is noted in the tensile response of the Ti-4Mo alloy. An increase in the Mo content to 10 wt.% enhances σy,t, which comes at the expense of ductility and hence σu. Further increase in the Mo content to 15 wt.% reduces both σy,t and σu. All the three Ti-xMo alloys showed smaller σy,t in comparison to σy,c. 
	Representative tensile and compressive stress-strain responses of caliber rolled Ti64 and VT14 alloys are displayed Figs. 2(d) and 3(d), respectively. The strength and ductility of both these alloys improve significantly after caliber rolling in comparison to the respective properties in the wrought condition [13] [46]. However, the effect of rolling temperature on the properties was found to be minimal; in fact, a drop in strength was noted when it was increased from 750 °C to either 900 or 950 °C [34]. The observed difference was ascribed to partitioning the alloying elements into the β phase of the bimodal microstructures [40]. Except for ELI Ti64-950, all the alloys in Group-IV showed marginally higher σy,t in comparison to σy,c. In any case, these alloys exhibit, collectively, the least TCA in terms of ratio.
	The tensile and compressive stress-strain responses of Ext-Ti64-750 and Ext-Ti5553-750 from Group-V are displayed in Figs. 2(e) and 3(e), respectively. Both the alloys achieved high strength after extrusion at 750 °C with reasonable elongation-to-failure values in tension; σy,t was significantly higher than σy,c (by 216 and 200 MPa respectively) for the Ext-Ti64-750 and Ext-Ti5553-750 alloys. 
	Note that TCA can be defined either as  or . Thus, TCA in Ti-15Mo, which has a  value of 0.90, and VT14-750, whose  is 1.10, can be considered similar, as the deviation from the ideal tension-compression symmetry case of unity is the same in both the cases (± 0.1). In view of this, the extent of deviation from the ideal case is quantified using the parameter Ψ, which is defined as:

	Ψ =  	.							[3]

Both the values of  and Ψ for all the alloy examined in this work are listed in Table 4. Note that for cases where 0.90 ≤  ≤ 1.1, Ψ ≤ 0.01. If the difference between σy,t, and σy,c by more than 10% is considered as significant, TCA is notable only in Ti-4Mo, Ext-Ti64-750 and Ext-Ti5553-750 alloys, whereas it is insignificant in the other alloys examined in this study. It is further interesting to note that for all the alloys in Groups II and III,  ≤ 1, whereas it is ≥ 1 for alloys in groups I, IV (except ELI Ti64-950) and V. 
	Figs. S3 and S4 show the variation of Ψ and TCA ratio against Vβ in the examined alloys in Groups I to V. No correlation could be found between Ψ and Vβ, see Fig. S3. For example, while both ELI Ti64-750 and Ext-Ti64-750 contain similar Vβ contents, the former alloy exhibits negligible TCA whereas the latter has a Ψ of 5.76. Likewise, the caliber rolled Ti64 alloys from Group-IV showed negligible TCA whereas the extruded one in Group-V showed significant TCA. Similar behaviour is observed in the wrought and extruded Ti-5553 alloys of Groups II and V. An important observation that can be made from the data presented in Table 4 and Fig. S4 is that  < 1 for all the alloys. 

3.3. Shear responses
Representative shear stress-strain responses of all the alloys from Group I to V are displayed in Fig. 4. The values of τy and the double-shear strength (τu) determined from these are listed in Table 4. From it and Fig. 4, the following observations can be made. Both the Ti-4Mo and Ti-10Mo alloys fail at much lower displacements in comparison to Ti-15Mo. In the latter, shear stress increases significantly with displacement in the plastic regime, until it reaches τu. For a Ti alloy to be considered for fastener applications, it must have a minimum τu of 700 MPa [6]. In the examined alloys, only Ti5553-A, Ti-10Mo, Ti64-950, and Ext-Ti64-750 satisfy this requirement. However, several other alloys such as Ti-15Mo, ELI Ti64-750, ELI Ti64-950, VT14-750, Ext-Ti5553-750, for which τu > 670 MPa, may further be explored for potential fastener applications.
	The relationship between τy and σy,c (or σy,t, whichever of these two properties is smaller), is displayed in Fig. 5a. The reason for choosing the smaller of σy,c and σy,t values is that due to symmetry under the double shear loading condition, yielding will start on the side on which the shear stress satisfies the yield condition first. A good correlation between the shear and uniaxial yield properties is seen in Fig. 5a. A linear fit through the data indicates the slope to be 0.50, which is equal to that expected from the Tresca yield criterion. (However, the finite value of the intercept (79 MPa) implies that a simple application of this yield criterion might not always work.)
It has been reported in the literature that τu is directly related to σu; in general, it is 50-60% of σu [6,9–11]. From the  ratios listed in Table 4, we see that it is indeed the case for 8 out of the 13 alloys examined in this study. Amongst the 5 alloys that show divergence with this general expectation, Ti64-950's  ratio is only marginally higher (at 64%) than the expected range. Therefore, it is reasonable to conclude that the alloys in Groups IV and V conform to the aforementioned expectation. (Recall that these σy,c of most of these alloys is smaller than σy,t.) For alloys CP-Ti, Ti5553-ST, Ti-10Mo, and Ti-15Mo, τu ranges between 77% to 86% of σu. Interestingly, three of these four are fully  alloys (Vβ ~100%) whereas the other, CP-Ti, is an  alloy. Moreover, the three  alloys form a distinct set in the τu vs. σu,t plot displayed in Fig. 5b. The τu vs. σu,t data for all the other alloys display a linear relationship. While the three data points for the alloys with Vβ ~ 100% also appear to obey a linear relation with a nominally similar slope, the intercept with τu axis occurs at ~50 MPa above that of all the other alloys, suggesting that the β-Ti alloys’ shear resistance is higher than those of α and α+β Ti alloys. In this context, it is worth noting that Ferrero and Sweet [10] report a linear relation between τu vs. σu,t in various Ti alloys, with τu varying between 45% and 75% σu,t.

3.4 Fractography
Since many tensile and shear tests are conducted in the present study, only the representative fractographs are presented in Fig. 6 for the sake of brevity. Low magnification image of the fractograph obtained on the caliber rolled VT14-900 alloy shows cup-and-cone fracture with a prominent shear lip formation after tensile testing (Fig. 6a). High magnification image of the fracture surface shows equiaxed dimples of mixed sizes, indicating ductile fracture (Fig. 6b). Low magnification fractographs of the double-shear tested ELI-Ti64-950 and Ext-Ti5553-750 alloys are displayed in Figs. 6(c) and (e), respectively. The former has a fibrous appearance at the centre with multiple long terrace-like features that appear to run perpendicular to the shearing direction. The fracture surface is featureless at the periphery of the sample. In contrast, the fracture surface of Ext-Ti5553-750 alloy is entirely featureless at the macroscopic level. However, high magnification images, displayed in Figs. 6(d) and (f), indicate that the micromechanisms of failure in both the alloys are similar; formation of elongated oval shaped dimples due to shear, instead of equiaxed ones observed in tension, is the common feature.

4. Finite element analyses of the double shear tests
The experimental results presented above clearly show that most of the Ti alloys examined in the present study exhibit both TCA as well as marked strain hardening in compression. To gain more insights into the deformation and failure processes that occur during the double-shear tests, in particular to understand the influence of TCA and hardening on the shear strength, we have conducted parametric finite element modelling (FEM) studies using Abaqus 2018/Explicit software within the Lagrangian framework [47]. For this purpose, the Drucker-Prager constitutive model for yielding with the Ludwick hardening law was implemented as a VUMAT user subroutine. The simulated test consists of a 4 mm diameter cylindrical bar in a fork assembly, sheared by a blade as illustrated in Fig. 7(a). The length of the simulated bar (15 mm) is significantly shorter than that in the experiment, as preliminary simulations showed that the plastic deformation is limited to the area near the loaded cross-section. Mirror symmetry was enforced along the midpoint of the bar. Both the fork and the blade were treated as rigid bodies, where the fork is blocked to prevent the sample from moving in the loading direction and a displacement was assigned to the blade to impose the shear loading. To avoid sliding, a friction coefficient of 0.3 was imposed between the test assembly and the rod surface. 
To account for the TCA, the Drucker-Prager (DP) yield condition, which explicitly includes a linear dependence on the hydrostatic stress [48], was utilized. It can be expressed as:

	
	
	[4]



where  is the hydrostatic pressure and   is the second invariant of the deviatoric stress tensor. The friction angle, , and the cohesion parameter,  are materials properties that are calibrated as follows. The friction angle is calculated from 
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where  is assumed to obey Ludwick’s strain hardening model,

	
	,
	[7]



[bookmark: _Hlk72243464]where is the equivalent plastic strain and the exponent n and the modulus K characterize the hardening of the alloy. The parameters K and n were determined for alloy of interest by fitting Eq. 7 to the experimentally obtained compressive stress-strain curves; see one representative plot for VT14-750 alloy displayed in Fig. S5. The best-fit yield and hardening parameters are summarized in Table 5. 



Table 5. Yield and hardening parameters obtained from the fitted compressive stress-strain responses.

	Alloy
	Drucker-Prager model
	Ludwick model

	
	β (°)
	n
	K (MPa)

	CP-Ti
	3.85
	1.00
	2900

	Ti5553-ST
	9.68
	0.60
	1574

	Ti5553-A
	4.28
	0.95
	2008

	Ti-4Mo
	13.33
	0.50
	1105

	Ti-10Mo
	8.79
	0.77
	2446

	Ti-15Mo
	7.92
	0.73
	2060

	ELI Ti64-750
	-15.48
	0.64
	1626

	ELI Ti64-950
	-3.28
	0.56
	1245

	Ti64-950
	-10.43
	0.61
	1659

	VT14-750
	-17.65
	0.78
	2049

	VT14-900
	-3.67
	0.43
	1149

	Ext-Ti64-750
	-16.97
	0.71
	2233

	Ext-Ti5553-750
	-17.52
	0.59
	1070



To model τu, it is necessary to incorporate a failure criterion in the elastic-plastic simulations. This is because τu is reached when damage initiates at the edges of the sheared sample. We utilize a simple fracture criterion originally developed by Rice and Tracey [49,50], which calculates the equivalent plastic strain at failure,, for a given stress state:
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where the only fitting parameter is , the equivalent plastic strain at the onset of necking in tension [51]. The stress state is defined by  and p, the second invariant of the deviatoric stress tensor and as the hydrostatic pressure, respectively. Failure was implemented numerically using the criterion:

	
	
	[9]



To help to elucidate the relationships between TCA, hardening, and double shear responses, we performed a parametric study considering TCA ratios ranging between 0.7 and 1.3, K ranging between 1000 and 3000 MPa, and n between 0.4 and 1. We also define an average yield strength, . Together with  ratio,  describes the deviation from the ideal case of a material without TCA. For the sake of simplicity, we assumed  = 400 MPa, , and   MPa in the present set of simulations unless otherwise stated.
Values of τy are calculated from the simulated force-displacement responses using an offset of 0.01 mm. The dependence of τy on K and n on  is displayed in Figs. 7(b) and (c), respectively. For all the combinations of K and n, τy increases monotonically with decreasing . For a given value of TCA, higher K (at same n) or smaller n (at same K) enhance τy. This is because the hardening rate of the material increases with K (or a reduction in n), which is reflected as a corresponding increase of τy. To explain this phenomenon, stress analysis was performed on the sheared cross-section of the bar at yield. It was found that p in the sheared regions is mostly compressive in nature and increases with  (Fig. 7d). The variations of the hydrostatic pressure at the point of yield are displayed in Fig. 7(e). A smaller   (equivalent to a higher σy,c) leads to a delay of plasticity that occurs at larger blade displacement.
In the simulations, τu is defined as the point at which the Rice-Tracey criterion is satisfied, corresponding to the initiation of failure at the edge of the bar. The dependence of τu on K and n at various  is displayed in Figs. 8(a) and (b). We note that τu has a monotonic dependence on the  for a given hardening response, similarly to τy. Similar to τy, τu increases with increasing K and decreasing n. The hardening generates more variation of τu than . An examination of the plastic strain distribution at yield across the sheared cross-section (Fig. 8c) indicates that it peaks at the trailing edge of the bar (the part not in contact with the blade). At large , the plastic strain at the leading edge (that is in contact with the blade) tends to also exhibit a peak.
In order to validate the FEM results, the double shear responses of all the 13 alloys examined in this study were simulated. In spite of the assumptions made, a reasonable agreement between simulated and experimentally measured values, with the possible exception of CP-Ti, is seen (Fig. 9). Even though the Rice-Tracey criterion is only expected to be valid for a narrow range of stress triaxiality, it predicts τu surprisingly well even though it is only calibrated with the failure strain in tension. The reason for the experimental CP-Ti data’s divergence with that of the prediction could be due to the fact that the DP model only considers a single hardening parameter that was calibrated to the compression stress-strain responses. As CP-Ti shows marked hardening asymmetry, the model is not able to capture , and hence fails to predict its properties in double shear.
The plastic strain distributions at the stresses corresponding to respective τu of VT14-900, ELI-Ti64-950, Ti64-950, ELI-Ti64-750, Ext-Ti5553-750, and VT14-750 alloys are displayed in Fig. 10 along with their fractographs. A large, unbalanced plastic deformation at the leading and trailing edges of the bar was observed for materials with  ≤ 1, specifically in VT14-900 and ELI-Ti64-950 alloys. Materials with large  exhibit a peak in plastic deformation on either sides, as seen in VT14-750, Ext-Ti5553-750, and ELI-Ti64-750. Comparison with experimental fractographs shows that the fracture features correlate broadly with the plastic strain distribution maps. While the fracture surface is relatively flat in alloys with large TCA ratios, alloys with small TCA ratios exhibit roughness in the centre of the sheared cross-section.
Taken together, these observations demonstrate that the simulations are able to capture trends in both τy and τu, with both these properties increasing with a reduction in . Likewise, increasing the hardening rate (by decreasing n and/or increasing K) both lead an increase in the strength. However, TCA effects are much more pronounced in yield compared to ultimate strength.

5. Discussion
5.1. Origins of TCA in Ti alloys
TCA in Ti and its alloys is a consequence of factors such as the pressure sensitivity of various kinds of defects like dislocations, interfaces, cracks, and residual stresses that arise as a result of the prior thermo-mechanical processing, can also influence TCA [55,56]. For brevity, a detailed discussion about these is not presented here and interested reader is referred to the references cited. The results of this experimental study, presented in the preceding sections, clearly indicate that σy,t < σy,c in Groups II and III alloys. Examination of data given on these alloys indicates that all these, except for Ti5553-A, are single phase alloys containing either ' or . Although  is present in Ti5553-A, it is in the form of nanoscale precipitates. Given their size, it is likely that their yield strength far exceeds that of the matrix. While the annealing treatment, which leads to the formation of these  particles, does indeed elevate both σy,t and σu,t, it is reasonable to assume that the overall plastic response of this alloy is controlled by the contiguous matrix phase (). Consequently, it is not surprising that TCA in Ti5553-A is similar in character to all the other mono-phase alloys of Groups I to III. We now discuss the possible microscopic origins of TCA in terms of Vβ in the examined alloys. 

5.1.1. Vβ = 0%
CP-Ti alloy from Group-I with 100% hcp-α phase has Ψ = 0.09 x 10-2 (Fig. S3), indicating that TCA in it is not significant. According to the Taylor’s criterion [57] for a polycrystalline material to accommodate homogeneous deformation, activation of five independent slip systems is necessary [22]. However, the combination of both the basal and the prismatic slip systems offer only four [58]. Therefore, activation of the additional deformation modes such as the <c+a> slip on pyramidal planes and twinning becomes essential for plasticity in alloys with hcp phases in their microstructures. Since these deformation modes are sensitive to loading direction [13,41,59–64], TCA can be expected.
	Jones and Hutchinson [23] observed that critical resolved shear stress (CRSS) for the activation of <c+a> slip in Ti to be both directionally asymmetric and pressure sensitive. In uniaxial tension along <0001>, <c+a> dislocations gliding on {101} pyramidal planes undergo no cross-slip. On the other hand, in uniaxial compression along <0001>, considerable cross-slip of the <c+a> dislocations was observed with higher CRSS. This was ascribed to the unusual sensitivity of hydrostatic pressure on the Peierls stress required for the glide of <c+a> dislocations in one direction versus the opposite. Single crystal experiments on binary Ti-5Al alloy by Williams et al. [25] found that CRSS for <c+a> slip in compression was 2.5 times higher than that of tension. Neeraj et al. [28], who conducted room temperature creep experiments on a single α-phase Ti-6Al alloy, also report significant TCA. With the aid of high resolution transmission electron microscopy (TEM), they show that it cannot be attributed entirely to the asymmetry in <c+a> slip, but due to the dissociation of <a> type screw dislocation core into prismatic and basal planes. Such a configuration renders the screw dislocations to be more sensitive to the applied stress direction, where higher propensity for cross-slip during tensile loading than compressive loading prevails [65]. 
Activation of deformation twinning in CP-Ti during tensile and compressive deformation is widely reported in the literature [66–68]. Polycrystalline CP-Ti exhibits several twinning modes such as {102} and {113} tensile twinning causing extension of the <c>-axis and {112} and {101} compressive twinning causing contraction of it [66–69]. It is generally believed that CRSS of contraction twins are higher in comparison to extension twins [70], resulting in σyt < σyc. However, in the present work TCA was found to be insignificant, which is consistent with the findings reported in [13] where TCA in CP-Ti (Grades 3 and 4) was found to be minimum for temperatures up to 200 °C. 
We now turn our attention to Ti-4Mo alloy in 100% martensitic hcp- structure which also showed significant TCA. Martensitic transformation in Ti alloys involves cooperative movement of atoms through shear type process resulting in homogeneous transformation of bcc-β into hcp- phase [72]. The morphology of martensite in Ti-4Mo alloy is acicular, inheriting the parent β-phase composition with super-saturation of Mo content in the hcp-structure. Above observation is in well accord with Tarzimoghadam et al. [72], where formation of martensitic hcp- structure in Ti-4Mo alloy by heat treating above Tβ (950 °C) followed by water quenching is observed. TEM and electron back-scatter diffraction (EBSD) observations also indicate presence of {102} tensile and {101} compressive twins within martensitic plates to accommodate the shear associated with the transformation. Significant TCA in Ti-4Mo alloy could be due to pressure sensitivity of twinning and martensitic induced deformation as these deformation modes requires local volume expansion for initiation [12]. Another factor could be asymmetry in CRSS for contraction and extension twins [70].
5.1.2. Vβ = 100%
Ti5553-ST alloy from Group-II and Ti-10Mo, -15Mo alloys from Group-III with 100% bcc-β phase showed negligible TCA (Fig. S3). It is generally believed that asymmetry in yield strength for bcc materials are intermediate between those of hcp and fcc materials [55,73]. Based on atomistic and ab-initio simulations on bcc single crystals [29–31,74], non-planar core structure of screw dislocations was ascribed for the observed TCA. Dissociation of [111] screw dislocations into partials occurs on more than one non-parallel {110} crystallographic planes [29–31]. Such configuration necessitates a high Peierls stress for the glide of screw dislocations. Importantly, screw dislocation core are greatly influenced by the non-Schmid effects and orientation of the loading direction [30]. Tensile loading causes these partials  dislocations to constrict and reduce the spread of the core in order to promote cross-slip, which is energetically favourable [75–79]. On the other hand, compressive loading increases the Peierls stress and spread of the core resulting in retardation of cross-slip [75–79]. The aforementioned results based on experiments and simulation on bcc single crystals do indicate strong orientation dependence and TCA. However, the measured TCA values in the polycrystalline bcc-β phase alloys examined in the present work are insignificant, suggesting that the non-Schmid effects on the CRSS of glide planes in polycrystalline bcc-β phase are not pronounced as compared to single crystal. 

5.1.3.   22 < Vβ < 77%
While Ti5553-A, ELI Ti64-750, ELI Ti64-950, Ti64-950, VT14-750, VT14-900 exhibit negligible TCA whereas Ext-Ti64-750 and Ext-Ti5553-750 show significant TCA, see Fig. S3. The key microstructural features that differentiate alloys in this category with those that are either purely  or  alloys are the α/β interfaces. Unlike CP-Ti, deformation twinning is not a common mode of deformation in α+β Ti alloys that are tested under quasi-static loading conditions and at room temperature [46,80]. Hence, TCA arising because of the differences in the CRSS of extension and contraction twins can be ruled out. In the literature, TCA in two phase α+β Ti alloys has been attributed to a variety of factors such as (a) asymmetry in <c+a> slip, (b) asymmetry in dissociation of <a> type screw dislocation core and subsequent sensitivity for slip to stress direction, (c) Bauschinger effect (BE) due to pile-up of dislocations at the α/β interfaces, and (d) non-Schmid effect.  While softening in compression in contrast to tension due to BE in α+β Ti alloys in fully-reversed tension-compression type fatigue loading are reported [52–54], such an effect can be ruled out in the current context as tests are performed either under monotonic tensile or compressive loading. 
	As already mentioned, TCA in this category of alloys appears to be insensitive to Vβ and alloy chemistry. Since the processing routes employed in these pairs of alloys are distinct, one can infer that extrusion results in significant TCA in comparison to caliber rolling or wrought processing route. The common extrusion texture observed in α+β Ti alloys is <100>//RD [81] fibre texture. Such a strong texture might be the reason for Ext-Ti64-750 and Ext-Ti5553-750 exhibiting higher TCA.

5.2. Double shear strength vs. ultimate tensile strength relationship
From Table 4, we observed that in general, the τy/σyt ratios in alloys, which exhibited negligible TCA, vary between 0.50 and 0.65. This indicates either the von Mises or the Tresca yield criteria are sufficient to describe the onset of plastic deformation in these alloys. Large values of Ψ in Ti-4Mo, Ext-Ti64-750 and Ext-Ti5553-750 suggest that these alloys are susceptible normal stress/pressure dependence on yielding. Possible reasons for this are following. (a) Martensite and twinning are the dominant deformation modes in Ti-4Mo alloy [72]. As discussed above, both these mechanisms are sensitive to pressure as they require significant local dilation for activation [12]. (b) Formation of <100>//RD fibre texture has been reported during extrusion of Ti64 alloy in the α+β regime [81]. In this orientation, tension/compression along <0001> results in the activation of <c+a> slip [23]. Lowden and Hutchinson [26] reported unusual sensitivity of <c+a> slip in Ti64 to hydrostatic pressure. This was ascribed to increase in the friction stress for <c+a> dislocation glide as a result of hydrostatic pressure as the main mechanism [23]. (c) Similarly, in Ext-Ti5553-750 alloy formation of <110>//RD fibre texture during extrusion [82,83] and subsequent activation of slip systems could have resulted in pressure sensitivity.
In trying to examine if a general relation between τu and σu,t can derived by using simulations, we have computed their values using for a total of 144 material property combinations:  of 0.9, 1.0, 1.1, K of 1000, 2000, and 3000 MPa, n of 0.4, 0.6, 0.8 and 1.0, and  of 800, 900, 1000, 1100 MPa. Results of this exercise are displayed in Fig. 11a. It is seen that the data falls into three distinct bands, each of which exhibits an approximate linear relationship between τu vs. σu,t for a given TCA; a smaller  resulting in a higher τu, which is consistent with the observations made in Sec. 4, despite the large variability in the material parameter combinations. Variations in the predicted τu vs. σu,t for the three values of K (for the same avg of 800 MPa) are plotted in Fig. 11b. It shows that an increase in K makes the predicted τu values shift up. Using the least square method, and analysing the dataset (that contains 144 points), the following simple empirical relation between τu,  and  was obtained:

+154					[10]

In Fig. 12, a comparison is made between experimental and predicted (using the above equation) values. A reasonable agreement between them suggests that Eqn. 10 captures the empirical relation between  ratio,  and  in a qualitative manner. Besides TCA and triaxiality dependent failure which are accounted for in our modelling reasonably-well, hardening differential (i.e., the different levels to which the Ti alloy hardens in tension and compression) has a significant effect on  and therefore on the predicted . The relatively poor agreement for Ti-4Mo and Ti5553-A can be rationalized by recourse to a comparison of the experimental shear stress-displacement curves in Fig. 4(b) and 4(c), which show that they fail right after yield. This suggests that their  is possibly controlled by a failure mode not considered in the present simulations. Therefore, more detailed modeling efforts are necessary for further improvements in the predictive capability.

5. Summary
In several applications of Ti alloys, such as fasteners, the ultimate shear strength of the alloy is the key design parameter. In this paper, we critically examined its dependence on the tensile and compressive strengths, and the asymmetry in them (if any). For this purpose, tension, compression, and double shear tests experiments were conducted and compared with the simulated responses of the double shear tests. The alloys examined varied in terms of their microstructural constituents (with α, α+β and β alloys being examined) and processing histories. Experimental results show that the tension-compression asymmetry and the shear-to-tensile strength ratios in the examined alloys varies widely. However, the shear yield strength scales linearly with the lower of the tensile and compressive yield strengths, the intercept on the ty axis is non-zero, indicating its pressure sensitivity. While the ultimate shear and tensile strengths also show a linear dependence, data obtained on the fully  alloys form a distinct set. Finite element analyses employing the Drucker-Prager (DP) yield condition (to account for pressure-dependence on yield), Ludwick’s strain hardening model, and Rice-Tracey failure criterion were performed to gain insights into the experimental trends. Results show that TCA decreases the shear yield stress while the shear strength is sensitive to the rate of hardening. A good correlation between the experimental and simulated shear-to-tensile yield strength ratios was observed. Based on a large, simulated dataset (generated using different combinations of material parameters), an empirical relation between shear strength, TCA, and tensile strengths was identified. It is envisioned that it can help in the design of Ti alloys for fasteners applications.
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