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Abstract

:

Estimates of physical and mechanical characteristics of materials at high strain rates play a key role in enhancing the accuracy of prediction of the stress–strain state of structures operating in extreme conditions. This article presents the results of a combined experimental–numerical study on the mechanical response of a thin-sheet rolled Ti-5Al-2.5Sn alloy to dynamic penetration. A specimen of a titanium alloy plate underwent punching with a hemispherical indenter at loading rates of 10, 5, 1, and 0.5 m/s. The evolution of the rear surface of specimens and crack configuration during deformation were observed by means of high-speed photography. Numerical simulations were performed to evaluate stress distribution in a titanium plate under specified loading conditions. To describe the constitutive behavior and fracture of the Ti-5Al-2.5Sn alloy at moderate strain rates, a physical-based viscoplastic material model and damage nucleation and growth relations were adopted in the computational model. The results of simulations confirm a biaxial stress state in the center of specimens prior to fracture initiation. The crack shapes and plate deflections obtained in the calculations are similar to those observed in experiments during dynamic punching.
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1. Introduction


Alpha-titanium alloys exhibit excellent oxidation resistance and good weldability, but are extremely difficult to cut [1,2,3]. Among the different titanium alloys, the Ti-5Al-2.5Sn alloy possesses relatively high fracture toughness and is attractive to use as a material for structures operating both at extremely low and elevated temperatures up to 753 K [4]. Therefore, the production of thin-walled structural elements from the Ti-5Al-2.5Sn alloy using forging methods covers high rate loading modes [5]. High-speed forming technologies are currently used in the manufacture of structural elements from rolled sheets of alpha- and pseudo-alpha-titanium alloys, including advanced technologies such as electromagnetic forming, electrohydraulic forming, explosive forming, and impact hydroforming. Dynamic stamping has also become a promising technological area for the manufacture of thin-walled titanium structural elements [6,7]. Stamping process stability depends on many factors, including the strain rate, stress state, and the distribution of plastic strain across the thickness of the sheet, as well as the occurrence of macrocracks and the development of microvoids and microdamage.



The relatively high processing costs of titanium alloys require the improvement of calculation methods, constitutive models, and algorithms for their implementation in computer-aided engineering packages. The results of recent studies show that tests carried out under complex stress states allow one to obtain more comprehensive information on the mechanical behavior of materials and industrial products during their manufacture and operation [8,9,10]. A series of mechanical characteristics, including tensile and compressive yield strengths, ultimate strain, strain hardening capacity, and fracture toughness, are used in the computer-aided design of lightweight and robust structures. To date, there is no uniform approach to determine these properties of materials under complex stress states and in wide ranges of strain rates and temperatures [9,10,11,12,13,14].



It is well known that the motion of dislocations takes place along certain crystallographic planes in the material grain, which causes the negligible sensitivity of plastic flow to the pressure value in alloys [15]. On the other hand, processes of deformation localization and the development of damage at the mesoscopic level are sensitive to the pressure. The data from uniaxial experiments on the forces and displacements of the gauge section of samples do not enable to split the contributions of pressure sensitive processes to the integral macroscopic response of the material. The tension–compression asymmetry can be associated both with the features of material texture influencing the formation of dislocation substructures and the effects of plastic flow instability. Therefore, advanced calibration data, obtained with varying the stress state and the specimen’s angles to the rolling direction, do not guarantee the adequacy and increased accuracy of engineering analyses.



In a number of recent studies, the mechanical behavior of light alloys under high strain rates was studied using the inverse modeling method involving the dynamic punch test with a hemispherical indenter [9,16,17]. Quasi-static and dynamic punch tests using hemispherical indenters are carried out on thin samples of metals and alloys in accordance with accepted standards (ASTM E3205, BS EN 10371, CWA 15627, GOST 10510-80, and GB/T 29459) [18,19]. The application of a combination of hemispherical indenters and thin plates of metals and alloys in punch tests allows one to study the mechanical behavior of materials under stress state close to equal-biaxial tension [20,21]. Such loading conditions acquire particular importance for the manufacturing industry, because titanium alloys, including Ti-5Al-2.5Sn, are prone to plastic anisotropy [22,23]. In this regard, the dynamic punch test is of particular importance as high stress states taking place at high strain rates activate additional dislocation glide systems which influence the effects of plastic anisotropy. Experimental studies at high strain rates of the Ti6Al4V alloy using a split Hopkinson bar showed a significant decrease in the influence of plastic anisotropy on the mechanical behavior at strain rates above 100 s–1 [24]. Therefore, the use of high-speed stamping and forming modes of products from sheet hcp alloys with a certain deformation anisotropy can increase not only productivity, but also the quality of topological parameters of the resulting products. The contribution of these effects is difficult to isolate from general material response obtained under uniaxial loading conditions due to the localization of plastic deformation. Therefore, the dynamic punch test technique coupled with numerical simulation becomes highly informative for material characterization at high strain rates.



The results of punch tests can be used to validate constitutive models developed on the basis of data obtained from uniaxial experiments [9,16,25,26,27]. The test results can also be used in the development of methods for modeling technological processes of dynamic stamping, predicting stamping modes, springback effects, plastic deformation, and the occurrence of damage.



The relevance of studies of the Ti-5Al-2.5Sn alloy under dynamic influences is due to the need to prevent the occurrence of microdamage in the process of manufacturing thin-walled tanks and vessels.



The aim of this work was to investigate the mechanical behavior of the Ti-5Al-2.5Sn alloy using a high-speed punch test with a hemispherical indenter. The data obtained complement the results of previously conducted studies of the mechanical behavior of titanium alloys at high strain rates with varying the stress triaxiality parameter [8,28].




2. Materials and Methods


2.1. Experimental methods


Experimental studies were performed on industrial thin-sheet Ti–5Al–2.5Sn (analogous to the VT5-1 alloy). The Ti–5Al–2.5Sn alloy had the following chemical composition (wt. %): 5.311 Al, 2.51 Sn, 0.211 Fe, 0.0116 Si, 0.864 V, 0.2786 Zr, Ti—balance. The mechanical properties of the Ti-5Al- 2.5Sn alloy at 295 K were as follows: shear modulus µ = 47.7 GPa; Young’s modulus E = 125 GPa; Poisson ratio υ = 0.31; mass density ρ = 4.462 g/cm; yield strength σ0.2 = 750 MPa; ultimate tensile strength UTS = 850 МРа; and heat capacity Сp = 0.502 J/(kg K).



The alloy had a homogeneous fine-grained polycrystalline structure, as shown in Figure 1a. The grains were equiaxed with an average size of ~40 μm. Test specimens were produced from a sheet with a thickness of 1.2 ± 0.05 mm in the as-received condition using the electrical discharge method on a DK7732 CNC machine (Taizhou Terui CNC Machine Co., Ltd, Taizhou, China), which ensured high geometric precision. The supplier reported that the rolled sheets were annealed to relieve residual stresses and significantly reduce the strain anisotropy of the alloy in the thin sheets. The surfaces of specimens were polished to reduce the coefficient of friction in the contact between the specimen and the indenter. The geometric dimensions of the specimen for high-speed testing were consistent with INSTRON recommendations and ASTM E643-09 and ISO 8490-86 standards [29,30]. Figure 1b,c show the scheme of the punch test setup. The sample diameter d was 60 ± 0.1 mm. The diameter at the bottom of clamping device D was 42 ± 0.1 mm.



Constant speed punch tests were performed on an Instron VHS 40/50-20 high-speed test rig (Instron, High Wycombe, UK) with a 50 kN load cell.



Figure 1d shows photographs of the positions of the indenter before and after the punching process. Forces and displacements were recorded until specimen failure with high temporal resolution. The force measurement accuracy was 0.25% from 1% to 100% of the Kistler sensor’s nominal load. The punching speed was calculated in tests by integrating the data from the acceleration cell using the HV 8800 software (Instron Bluehill Bluehill Central, Lab Management Software from Instron, Norwood, MA, USA). Data on deflections were calculated in the HV 8800 program using readings of the positioning sensor data.



The force sensor was installed in the indenter, and the specimen was fixed in the clamping device moving at a precise speed. The tests were performed in the constant speed mode at the initial values of longitudinal velocities: 0.5 ± 0.001, 1 ± 0.01, 5 ± 0.01, and 10 ± 0.1 m/s. IPF ER-3 (Gazpromneft LLC—lubricants, Moscow, Russia) grease was used between the punch and the sample surface. This lubricant reduces friction during stamping and has excellent extreme pressure properties; it is intended for use in friction units of technological equipment operating under conditions of high loads and temperatures.



It is worth noting that the dynamics of specimen fracture and the nature of crack formation during punching depend on the geometric parameters of the indenter and the specimen [21]. Therefore, the evolution of the specimens’ rear surface was captured during deformation using high-speed video technology. A Phantom V711 high-speed camera (Vision Research—AMETEK Co, Wayne, NJ, USA) was employed to record the deformation and failure of the specimens. The surface of the specimens during high-speed testing was illuminated using two 5 W halogen lamps. The shooting was carried out at a speed of 13,000 fps and an exposure of 10 μs. The camera settled down vertically parallel to the movement of the piston. The deformation and fracture of the specimens were observed through a mirror installed in a movable clamping device.




2.2. Numerical Modeling of Plastic Flow and Damage Development of Titanium Alloy during Dynamic Punch Tests


The computational models were developed using the framework of continuum mechanics with damage.



The change in temperature during the development of plastic flow due to energy dissipation was computed in the adiabatic approximation [20]:


  T   =  T 0    +      ∫ 0   ε  e q  p     ( β / ρ    C p  )    σ  e q   d  ε  e q  p     ,  



(1)




where T0 is the initial temperature, β~0.9 is the parameter representing the fraction of plastic work converted into heat, and    σ  e q       is the equivalent stress. The equivalent stress was assumed in two forms: von Mises stress, and anisotropic quadratic Hill’s stress    σ  e q      = F    (  σ  22   −    σ  33   )   2     + G     (  σ  33   −    σ  11   )   2     + H   (  σ  11   −    σ  22   )   2     + 2 L   σ 2   23   + 2 M     σ 2   31   + 2 N   σ 2   12    ,   d  ε  e q  p    =     ε ˙   e q  p  d t =   [ ( 2 / 3 )   ε ˙   i j  p    ε ˙   i j  p    ]   1 / 2   d t  , increment of equivalent plastic strain,     ε ˙   i j  p    are the plastic strain rate components, and    ε  e q  p    =      ∫ o t     ε ˙   e q  p  d t    =    ∫ o t     [ ( 2 / 3 )   ε ˙   i j  p    ε ˙   i j  p    ]   1 / 2   d t      is the equivalent plastic strain. The specified numerical values were used in the simulations: F = 0.144, G = 0.299, H = 0.701, L = M = N = 2.23 [31].



The temperature dependence of the specific heat capacity of the alpha-titanium alloy Ti-5Al-2.5Sn on temperature T in the range from 293 to 1115 K is described by the phenomenological relation [32]


   C p  = 248.389 + 1.53067 T − 0.00245  T 2    [ J / k g K ]     a t   0 < T <  T  α β       =   1320     K  



(2)







The temperature dependence of the shear modulus of the alpha-titanium alloy was accounted by the relation [33]:


μ(T, ρ) = μ0[1 + μ1 p(ρ0/ρ) − μ2(T − 295)]



(3)







The flow stress of the damage free phase of the alloy was described using the following constitutive relation [34]:


   σ s    =     (  C 0    (  ε  e q  p  )   1 / 2   +  C 1    ) exp ( −  A 0  T ) exp (  A 1  T ln ( 1 +   ε ˙   e q  p  /   ε ˙   d i s l   0  p  ) ) ,  



(4)




where    C 0   ,    C 1   ,    A 0   ,    A 1    are material parameters, and     ε ˙   d i s l   0  p    is a parameter normalizing the plastic strain rate.



Calculations were performed with the following numerical values of the parameters:    C 0  = 0.665   GPa  ,    C 1   = 0.8     GPa   ,    A 0  = 0.0016   K−1,    A 1  = 0.0002   K−1,     ε ˙   d i s l   0  p    = 1 s−1,   T m   = 1875 K.



The GTN model was used as the plastic potential [34,35]:


  (   σ  e q   2  /     σ s  2  )   + 2  q 1   f *    cosh ( −  q 2    p / 2  σ s  )   − 1 −  q 3    (  f *  )  2    = 0 ,  



(5)







A kinetic model of damage accumulation was used to describe the nucleation and growth of voids during plastic deformation [6]. The rate of void growth is determined according to the law of conservation of mass and is associated with the increase in volumetric plastic deformation. The nucleation of voids is induced by the equivalent plastic strain and follows a normal void size distribution.


     f ˙    =     f ˙   n u c l     +     f ˙   g r o w t h   ,       f ˙   n u c l     =   [  f N  / (   2 π        s N  ) ]   exp   {   − 0.5   [ (   ε p   e q   −  ε N  ) /  s N  ]  2  }   ε ˙   e q  p  ,         f ˙   g r o w t h   =     ( 1 − f )   ε ˙   k k  p  ,    



(6)







The magnitude of stress relaxation associated with the nucleation of new voids is controlled by the parameter fN. The damage development completes by the coalescence of voids into a macroscopic crack. The linking of voids leads to stress relaxation and the acceleration of the growth rate of damage parameter f* until the erosion of the finite element (when the void concentration fF reaches a critical value fc).


     f *    =   f     i f     f ≤  f c  ;      f *    =    f c  + (   f ¯  F  −  f c  ) / (  f F  −  f c  )     i f     f >  f c  ,    



(7)




where     f ¯  F      =   (  q 1  +       q 1  2  −  q 3    ) /  q 3  ,   in which q1, q2, and q3 are constants of the model.



The model parameters for the Ti-5Al-2.5Sn alloy were obtained in semi-inverse numerical simulations of a uniaxial tensile test at strain rates of 0.1, 100, and 1000 s–1 [8,29]. The following set of coefficients were used in simulations: q1 = 1.0, q2 = 0.7, q3 = 1.0, f0 = 0.003, fN = 0.1156, fc = 0.117, fF = 0.260, εN = 0.25, sN = 0.05. The discretization of the computational domain of the sample was performed using 3D linear Lagrangian hexagonal elements. The convergence of the numerical results of the calculations was ensured by selecting the spatial grid step. A fine mesh with a characteristic size of 0.3 mm was used in simulations. The computational domain of the titanium plate consisted of ~200,000 elements. The computational domains of the indenter and clamping device were described using a model of a rigid body and divided into 2D elements. The boundary conditions were set similarly to [16]: constant velocity was applied on the rigid body indenter, as seen in Figure 2.



The boundary conditions had the form:


    u 3   |   S 1    =  V 0  ,   i = 1 , 2 , 3     u i   |    S 3   ∪     S 4     = 0 ,   i = 1 , 2 , 3  ;    σ  i j    |   S 5    = 0 ,      σ  i j    |    S 2   ∩     S 6     = 0 ,      u i  +   |   S 6    =   u i  −   |   S 6    ,   i = 1 , 2 , 3   ;    p +   |   S 6    = −  p −   |   S 6    ,   i = 1 , 2 , 3 ;      σ  i j   +  |      S 6    =   σ  i j   −  |      S 6    = 0 ,   i ≠ j .   



(8)




where    u i   |   S j      are the components of the particle velocity vector on the surface Sk, k = 1…6, σij are the components of the stress tensor, p is the pressure, V0 is the velocity of the rigid punch, the S6 surface corresponds to the contact area, and S3 and S4 are the surfaces of the clamping device.



The numerical simulations were performed using the explicit solver (ANSYS WB 15.2, ANSYS, Inc., Canonsburg, PA, USA). The constitutive model has been adopted in the LS DYNA solver via UMAT subroutine. The integration algorithm for plasticity models using Gurson’s yield potential can be found in [35,36]. The calculations were carried out using a finite-difference scheme of second-order accuracy. Contact elements of automatic_surface_to_surface card of LS DYNA were used to model contacts between the indenter and the specimen, and the clamping device and the specimen. The specified parameters of the friction coefficient FS = 0.2 and damping coefficient VDC = 30 ensured the absence of parasitic oscillations of forces in the contact zone.





3. Results


3.1. Experimental Results


Experimental F(uz) “force–displacement” diagrams were obtained by punching samples of the Ti-5Al-2.5Sn alloy at speeds of (a) 10 m/s, (b) 5 m/s, (c) 1 m/s, and (d) 0.5 m/s.



The test results indicate the good reproducibility of peak force values and ultimate deflections in a series of five tests for each punching speed. Figure 3 shows diagrams with maximum, minimum, and one of the average force amplitudes for the studied punching speeds. The obtained diagrams of the force F(uz) versus the plate deflection indicate the ductile nature of the fracture at indenter speeds of up to 10 m/s. The peak force was varied from 9 to 12 kN with regard to the increase in the indenter speed from 0.5 to 10 m/s. As the punching speed increases, the slope of the deformation curves becomes sharper and the peak force values increase. This indicates that the Ti-5Al-2.5Sn alloy exhibits a sufficient strain rate sensitivity. The results indicate that there is no embrittlement of the Ti-5Al-2.5Sn alloy under biaxial stress state conditions.



The “punching force–specimen deflection” diagrams do not have a clearly defined point corresponding to the onset of crack formation. By comparing data on the time of punching and video frames with an incipient crack, it was possible to determine the value of deflection at which a visible violation of the continuity of the specimen occurred. Video frames shown in Figure 4 indicate that macroscopic cracks originated at the center of the rear surface of the specimen.



At the moment of nucleation, the macrocrack had from two to three radial branches. The opening of cracks with increasing deflection was intermittent, which confirms the preservation of a high-stress state in the zone of fracture formation. The initiation of cracks occurred after extensive plastic deformation. The periodic inhibition of a crack and its initiation in the center of the contact area indicates the sensitivity of the ultimate plastic strains of the Ti-5Al-2.5Sn alloy to the stress triaxiality parameter.



Figure 5 shows photographs of the fracture surfaces of Ti-5Al-2.5Sn alloy specimens after punching at speeds of 10, 5.0, and 0.5 m/s obtained using optical microscopy. On the fracture surface, pits and relief from the surface of mesoscopic voids with sizes ranging from 50 to –300 microns are observed. The average sizes of mesoscopic voids decreased with increasing punch speed. In the upper zones, traces of friction against the cone-shaped part of the punching device are visible. Cleavage formation was not observed. The analysis of the fracture surface formed under biaxial tension allows us to consider the fracture of the alloy as ductile. The angle between the normal to the fracture surface and the sample plane was close to 45° and changed slightly with increasing punch speed from 0.5 to 10 m/s. Furthermore, the specimen thickness in the crack formation zone decreases due to high degrees of plastic deformation. The orientation of the crack at an angle to the specimen surface does not allow the use of the relationship for determining the equivalent strain to failure εf recommended by the ASTM E3205-20 standard [37].




3.2. Numerical Simulation Results


Numerical simulations of the punch test were carried out to study the regularities of the processes of the deformation, damage development, and fracture of the Ti-5Al-2.5Sn. alloy. Figure 6 shows the calculated and experimental force–deflection diagrams obtained by punching the Ti-5Al-2.5Sn alloy with indenter speeds of 10 and 0.5 m/s. Line 1 shows the calculation results, and line 2 the experimental data.



The obtained modeling results showed good agreement between the calculated and experimental “force versus deflection” curves under dynamic loading, which makes it possible to analyze the plastic strain and stresses that took place during the punching process.



Figure 7 shows the contours of the effective strain rate in the rear surface of a Ti-5Al-2.5Sn plate at a punch speed of 10 m/s before and after crack initiation.



The strain rate in the inelastic deformation zone varied over a wide range (from 100 s–1 to 4000 s–1). The region of maximum values of the strain rate had a circular shape and corresponded to the contours of the contact area. When the sample failed, the strain rate at the crack tip significantly exceeded these values. The simulation results indicate that the accumulation of damage resulted in the non-uniform development of plastic deformation on the rear surface.



The contours of equivalent stress in a Ti-5Al-2.5Sn plate during punching are shown in Figure 8. High-stress areas coincide with the highest strain rate region as the strain rate sensitivity of the material was incorporated into the material model. Additional contribution to stress relaxation in the center of the specimen’s rear surface was associated with damage development after the equivalent strain reached its overcritical values.



Figure 9 shows the calculated “equivalent stress–equivalent strain” diagrams at the central point of the back surface of Ti-5Al-2.5Sn alloy samples.



The different shapes of obtained stress–strain curves at loading rates below 1 m/s and at loading rates above 5m/s might be associated with different contributions of damage development and viscous effects. It is interesting to note that the maximum values of plastic strain obtained in simulations significantly exceeded the values of the macroscopic elongation δ before the failure of the Ti-5Al-2.5Sn alloy which are available in the literature. At the same time, the calculated values of equivalent stresses are consistent with the experimental values of flow stresses obtained for the Ti-5Al-2.5Sn alloy at high strain rates [8]. Thus, fairly high equivalent stresses can be realized in thin plates under relatively small deflections during dynamic stamping, which leads to changes in the triaxial stress state parameter η = –p/σeq. The calculated distributions of the stress triaxiality parameter η in the section of the deformable plate are presented in Figure 10.



The simulation results indicate that the stress state of pure shear was realized on the contours of the contact area, while in the center of the specimen on the rear surface, the values of the stress triaxiality parameter were close to 0.65, which corresponds to equal-biaxial tension. The process of crack formation due to the accumulation of damage in the punching zone was accompanied by a spatially inhomogeneous change in the stress triaxiality parameter η. Therefore, to improve the accuracy of the engineering analysis of the dynamic stamping of titanium alloys, it is necessary to take into account the influence of the stress triaxiality parameter on the ultimate strain.



The distributions of the calculated displacements of the deflection uz and the damage parameter f* in the rear surface of specimens during the opening of cracks are presented in Figure 11.





4. Discussion


The technique of testing metallic materials during punching coupled with numerical simulation allowed us to estimate the ultimate strain under equal-biaxial tension. Post-critical parts of “force–displacement” diagram were used to validate the damage kinetics in the model. Figure 12 shows a comparison of the crack configurations observed in the experiment and those obtained in numerical simulations. The qualitative coincidence of the calculated configurations and trajectories of developing cracks and those observed in experiments confirms the adequacy of the proposed model and the ability to predict the fracture of alpha-titanium alloys at high strain rates under equal-biaxial tension. Asymmetry of cracks occurred when a plate was exposed to a hemispherical indenter, and was caused by the localization of high-speed plastic deformation. The results of the video recording of the punching of the Ti-5Al-2.5Sn alloy (with an equiaxial texture) indicate that incipient radial cracks were stochastically oriented to the rolling direction in most specimens. The corresponding configuration of fractured specimens was obtained in calculations using an isotropic plasticity model. A radial crack in the rolling direction was observed only in one of the five specimens of the Ti-5Al-2.5Sn alloy at a loading rate of 1 m/s. The use of Hill’s model made it possible to mimic radial cracking and to provide agreement between the calculated and experimental configurations.



An increase in strain rate promotes the formation of localized shear bands, as shown in Figure 11b and Figure 12a. The formation of localization bands is associated with the instability of the plastic flow process and is accompanied by changes in the structure of the alloy [38,39,40,41]. The susceptibility to adiabatic shear band formation is associated with the relatively high yield strength and low degree of strain hardening of the Ti-5Al-2.5Sn alloy.



Therefore, the probability of the formation of localized shears in titanium alloys during stamping increases with increasing loading rate. As a result, radial localization bands are formed in the plate. Structural changes occurring in localized deformation bands weaken the effects of plastic anisotropy characteristic of titanium alloys [20]. Thus, increasing the stamping speed above a certain threshold makes it possible to increase the formability of alpha-titanium alloys at room temperature. The results of previous research on the formability of the Ti-6Al-4V alloy also indicate significant improvement after the loading rate exceeds a certain threshold [42]. It is worth noting that the yield strength of the material decreases with increasing temperature, which leads to an increase in the loading rate threshold for the formation of localized shear bands.



The obtained results on the general regularities of deformation and fracture of titanium alloys with hcp crystal lattice can be used to justify constitutive relationships, damage, and fracture criteria for other hcp alloys based on Zr, Be, Hf, and others [43].




5. Conclusions


The mechanical behavior of the Ti-5Al-2.5Sn alloy was studied using a punch test with a hemispherical indenter of a 20 mm diameter.



The tests were performed on an Instron VHS 40/50-20 servo-hydraulic stand with constant loading rates of 0.5, 1, 5, and 10 m/s. The stress state in the center of the indenter–sample contact area corresponded to equal-biaxial tension. An analysis of the development of plastic deformations and crack formation was carried out using numerical simulations.



The results can be summarized as follows:




	
The maximum values of plastic strain obtained in simulations exceeded the values of the macroscopic elongation δ before the failure of the Ti-5Al-2.5Sn alloy which are available in the literature.



	
High strain rates promote the formation of localized shear bands under biaxial stress state.



	
The values of the stress triaxiality parameter at the indenter–sample contact area vary unsteadily and spatially inhomogeneously during the accumulation of damage.



	
The results indicate the ductile nature of the fracture of the Ti-5Al-2.5Sn alloy under biaxial tension at room temperature and at strain rates up to 104 s−1.








The experimental data on the deformation and fracture of the Ti-5Al-2.5Sn alloy obtained in dynamic punch testing can be used in the design of thin-sheet titanium parts and the technology of its manufacture by stamping.
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Figure 1. (a) Micrograph of grain structure of Ti–5Al–2.5Sn. (b) The sectional scheme of punch test setup: 1—specimen; 2—hemispherical punch; 3, 4 are the lower and the upper parts of the support matrix, respectively. (c) Photos of Instron VHS 40/50-20 punching device. (d) Photos of punch positions at the start and end of the punching test process at the Instron VHS 40/50-20 servo-hydraulic bench. 
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Figure 2. Surface numbering in the computational domain. 
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Figure 3. «Force–displacement» diagrams after the punching of alloy Ti-5Al-2,5Sn at velocities of (a) 10 m/s, (b) 5.0 m/s., (с) 1.0 m/s, and (d) 0.5 m/s. Each color on a diagram corresponds to a specific specimen. 
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Figure 4. Video frames of Ti-5Al-2.5Sn specimens during punching at speeds of 0.5, 1.0, 5.0, and 10 m/s, containing subsequent moments of crack opening. 
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Figure 5. Photos of the fracture surfaces of specimens after punching at a velocity of (a) 10 m/s, (b) 5 m/s, and (c) 0.5 m/s, and photos of the fracture surface (1) relative to the sample plane caused by punching at a velocity of (d) 10 m/s, (e) 5 m/s, and (f) 0.5 m/s. 
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Figure 6. The velocity of the punch is 15 m/s. Comparison of calculated and experimental “force–deflection” diagrams obtained during the punching of the Ti-5Al-2.5Sn alloy (a) at a punching speed of 10 m/s, and (b) at a punching speed of 0.5 m/s. 
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Figure 7. (a) Contours of the equivalent strain rate in a Ti-5Al-2.5Sn specimen at a punching speed of 10 m/s, (b) calculated equivalent strain rate in the head of a crack in the Ti-5Al-2.5Sn alloy during punching at a speed of 10 m/s using the von Mises-GTN model, and (c) using Hill-GTN model. 
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Figure 8. Contours of equivalent von Mises stress in a Ti-5Al-2.5Sn plate under punching (a) at 10 m/s, (b) at 5m/s, (c) at 1 m/s, and (d) at 0.5 m/s. 
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Figure 9. Calculated “equivalent von Mises stress–equivalent strain” diagrams at the center of the back surface of Ti-5Al-2.5Sn specimens at punching velocities of 0.5, 1, 5, and 10 m/s. 
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Figure 10. The velocity of the punch is 15 m/s. Calculated distributions of the stress triaxiality parameter η in the section of a Ti-5Al-2.5Sn plate (a) during deformation at a rate of 10 m/s and (b) during crack opening. 
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Figure 11. Calculated distribution of displacements uz in the cross section of a Ti-5AL-2.5Sn specimen at time 0.42419 ms; (b) distribution of the damage parameter. 
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Figure 12. Comparison of calculated and experimental configurations of cracks in a Ti-5Al-2.5Sn specimen after punching at a speed of (a) 10 m/s and (b) 1 m/s. 
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