Fracture of alpha titanium alloys at high strain rates and stress triaxiality
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Abstract

The aim of this work was the evaluation of combined effect of stress triaxiality and strain rate
on the mechanical behavior of the alpha titanium alloys. Mechanical behaviour of titanium
alloy Grade 6 (VT5-1 or Ti-5Al1-22,55n) and Grade 2 (VT1-0) in a range of strain rates from
0.001 to 1000 1/s and stress triaxiality (0.3-0.6) at room temperature was studied using an
Instron VHS 40 / 50-20 servo-hydraulic test machine. Analysis of stress state and strain
distribution in smooth and notched samples under tension was carried out by means of
computer simulation and analytical relations. The Gurson-Tvergaard-Needleman model,
complemented with phenomenological laws for voids nucleation, growth and coalescence,
was adopted for describing the fracture of the alpha titanium alloys. It was shown that stress
triaxiality is important for prediction of damage evolution and fracture of alpha titanium
alloys at high strain rates. The constitutive equation and fracture models have been validated
by simulating the tension tests. It was obtained that strain localization phenomena play a
major role in the fracture process at lower triaxiality. It is found that the strain to fracture of
alpha titanium alloy is strongly depended on the stress triaxiality and strain rate above 100 s™
The strain to failure of alpha titanium alloys at room temperature decrease by 3.7 times with
increasing stress triaxiality from 0.3 to 0.6 in wide range of strain rates.
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Introduction

Polycrystalline alpha-titanium alloys belong to the isomechanical group of metal materials
with hexagonal close packed (HCP) crystalline lattice. Materials belonging to the same
mechanical group possess similarity of mechanical behavior in wide ranges of strain rates and
temperature owing to similarity of mechanisms of plastic deformation and fracture. [1].
Generalization of data on the laws of deformation and fracture of alpha titanium alloys in a
wide range of strain rates will allow developing a method for prediction of titanium structural
elements under dynamic impacts [2]-[5]. It was shown that the ductility and strength of
titanium alloys in a wide range of strain rates depends on the grain size and a grain size
distribution [5]-[9]. There is evidence that the ductility and fracture of the hexagonal close
packed polycrystalline metals and alloys is strongly dependent on the accumulated plastic
strain and stress triaxiality [10[-[13]. The dimensionless stress triaxiality n, defined as the
ratio between the hydrostatic stress and equivalent stress [10][11][14].

A significant distinction has been noted between the regimes of high and low stress triaxiality.
High values of triaxiality (i.e., n > 1.5) may be achieved in local areas, such as at the ends of
the cracks or in the center of a necking or notched specimen under tension. Low stress
triaxiality takes place at surfaces and protruding corners, where the equivalent shear stress is
high relative to the hydrostatic pressure [15]-[19]. At low stress triaxiality the fracture
initiation is strongly inhibited.



Several models were proposed for investigation of the effect of triaxiality on the fracture of
polycrystalline metals and alloys [20]-[24]. Neilsen and Tvergaard [20][21] showed that
ductile fracture can be described using the criterion, depending on the stress triaxiality and the
Lode angle. Valoppi and others [11] used the phenomenological Johnson Cook hardening
model and damage initiation criterion with an energy-based law describing the damage
evolution in the finite element models for titanium alloy. It was shown, the Gurson-
Tvergaard—Needleman plasticity model can be complemented with phenomenological laws
for void nucleation, growth and coalescence [10][21]. In this research we study the influence
of different values of stress triaxiality (0.33< n < 0.6) on ductile fracture in a wide range of
strain rates using experimental tests and numerical simulation. Four types of VT 5-1 (Ti-5Al-
22,5Sn) sheet samples were used in experiments on static and dynamic tension.

1 Material and samples

Sheets of alpha titanium alloys VT 5-1 (Grade 6) and VT1-0 (Grade 2) were studied under
tension in a range of strain rates from 0.01 to 1000 s at room temperature. The thickness of
the sheet samples VT5-1 and VT1-0 was 1.15+0.05 mm, and 1.1+0.05 mm, respectively.
Samples of alloys VT5-1 and VT1-0 had an average grain size of 40 pm and 30 um,
respectively. Samples characterized by different geometries were used for tensile test, as

shown in Fig. 1(a). _
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Figure 1. Geometry of the samples used for the tensile and shear tests
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The samples were cut using electro erosion cutting method from a sheet of titanium alloy. The
initial gauge length 1, was equal to 24+0.1 mm. The cross-sectional area of the smooth flat
samples was A;=9.3+0.05 mmz2, and notch flat specimens had notch radiuses of R;=10 mm,
Rz, = 5 mm, R3=2 mm, respectively. The samples for shear test had distance between cuts 6
~4.5 mm.

The stress triaxiality n and Lode parameter L defined as [25]:
N = P/Geq, L = (2 611 = 61 — ou)/(c1-om), 1)

where p is the pressure, oy, o)1, oy are first, second, and third invariants of the Cauchy stress
tensor respectively, ceq= (3 on)Y? is the equivalent stress.

The initial value of the stress triaxiality n calculated by the analytical formula in the plane
stress state [14]:

n=(1+2D)/(3VD*+D+1, D=In[l+a/(4R)], (2)

where a is the width of sample, R is the value of curvature radius.
The initial value of the stress triaxiality has varied in the range 0.0-0.6 in experiments.
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The stress triaxiality n will be slightly different from the initial value when the sample neck is
formed.

2 Quasistatic and dynamic tests

The tests were carried out in a range of strain rates (0.001-1000 s™) at room temperature
using the Instron test machine VHS 40/50-20 with a 50 kN load cell.
The tensile force and displacement of the specimen were recorded at high temporal resolution
up to complete fracture of the specimen. The constant tension velocities (20+0.01, 12+0.01,
2.4+0.002, 0.4+0.001 m/s) were supported during tests.
Tests were divided into three groups. First group is uniaxial tensile tests carried out on smooth
specimens, characterized by positive values of both the stress triaxiality and Lode parameter.
The second group is pure shear tests. The third group is uniaxial tensile tests carried out on
notched specimens. Three values of notch radius, 2 mm, 5 mm and 10 mm, were used in this
study.

True strain and true stress at time moments of loading were determined by analytical
relations [11]:

e =In(L+ A1), oy =(F / A))(L+Al /1), ®)

where & s true strain, ci™*® is true stress, F is tensile force, Ag is mean initial minimum

cross sectional area of sheet sample, Al, and I, are the elongation and the initial length of

sample working part.

True stresses and true strains were also determined by computer simulation of the
specimen deformation process. The results of numerical simulation were used in which a
good agreement was reached between the calculated and experimental values of the sample
forces and displacements versus time.

3 Computational model

The computational model uses the theoretical basis of continuum damage mechanics [26].
Mechanical behaviour was described by a system of conservation equations (mass,
momentum and energy), kinematic equation and the constitutive equation. Initial and
boundary conditions were added to the system of equations. The boundary conditions
correspond to the conditions of loading of the 3D body. Dog bone specimens were simulated
under axial tension with a constant strain rate. The computer simulations were performed with
the use of licensed LS DYNA software, and being a part of the package simulation of the
dynamic loads of the package ANSYS WB 15.2. The calculations were carried out using
solvers using finite-difference scheme of second order accuracy. The grid model of the
samples used in tests is shown in Fig. 2.

Figure 2. Grid models of flat samples
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Boundary conditions corresponding to uniaxial tension of the sample at a constant strain rate
have the form:
U, s =0, Uyls,=0,
Uy |31:0’ Uy |53:VYO’
4)
u, =0, u,ls=0,
Gjj |s2us4ussus6 =0,

where u, |5j is the components of the particle velocity vector on the surface S, v, is the

tensile velocity, o; is the components of the stress tensor.

The initial conditions correspond to the free stress state of the material in a uniform
temperature field.
The flow stress of alloys has been described using a modification of the Johnson-Cook model
(5) and the Zerilli-Armstrong model (6) [2] [11][27]

TO

0, ={A+B(EL)" +kd, L+ CIn(8, | o) HL-=—2T") ©)

where A, B, C, n, m, k are constants of material, dg is the grain size, & =[(2/3)&&["*,

&=1.0s", &, =Iot[( 2/3) & &1"dt is the plastic strain intensity, T is the temperature, To is

the room temperature, and Ty, is the melting temperature.
Material constants of the equation (13) of alpha titanium alloys are given in Table 1.

Table 1. Material constants of modified Johnson-Cook model

Coefficient A, GPa | B, GPa n Kg, C m Tm K
Titanium alloy GPa nm*? at T<Tg

VT1-0 0,244 0,86 0,475 6,2 0,027 0.7 1946
VT5-1 0,760 0,86 0,5 6,2 0,027 0.64 1888

Tpis equal to 1313K and 1183 for VT5-1 and VT1-0, respectively.
Updating of the constitutive equation of the Armstrong - Zerilli model can be written in the
following form [27]:

o, =0, +Cy (el )" + Ky d,™? +C,exp{~C,T+C,TIn(&, / &)} (6)

hp™g

Material parameter o, C,, n,,k,,, C,, C,, C, of alpha titanium alloys are given in Table 2.

hp?

Table 2. Material parameter of the Armstrong-Zerilli model

Coefficient 6, GPa| ki, [CaGPa| CsK' | C4K™ | Cs | m
Titanium alloy GPa nm'? GPa

VT1-0 (Grade 2) | 0,138 6,2 0,1843 | 0,000877 | 0,0004 | 0.62 0.5
VT5-1 (Grade 6) 0,41 6,2 0,1843 | 0,000877 | 0,0004 | 1.84 0.5

Fig. 3 shows the calculated yield stress and experimental true stress versus true strain curves.
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Figure 3. Calculated stress versus strain and experimental true stress vs true strain
curves of (a) VT1-0 and (b) VT5-1; Johnson-Cook (curves 1) and modified Zerilli-
Armstrong model prediction (curve 2)

Curves 1 were calculated by Johnson-Cook constitutive equation (5) and curves 2 by
modified Zerilli-Armstrong equation (6). Curves 3 are experimental data on VT1-0 (Fig3(a))
and VT5-1 titanium alloys (Fig 3(b)). Grain size was assumed ~30 um for VT1-0 and 40 um
for VT5-1. Experimental and calculated yield stresses correspond to strain rate of 0.01 s

4 Damage model

Ductile fracture is considered as a result of void nucleation, growth and coalescence under a
triaxle stress states or shear localization at low stress triaxiality [10]. One of the most widely
used damage models for ductile fracture was proposed by Gurson with subsequent
development in the works of Tvergaard and Needleman [15][20][21]. This Gurson-Tvergaard-
Needleman (GTN) model [20][21] was used for analysis of stresses and strains in smooth and
notched samples of sheet VT 5-1 under tension. The yield criterion has a form:

(Ge” /052 + 204 " cosh(-q, p/ 26,) ~1-0,(f)? =0 @

where o; is the yield stress, p is the pressure, g1, 2 and g3 are model parameters, f is the void
volume fraction.

The rate of void growth is obtained by assuming mass conservation and depends on the
volume change part of the plastic strain.

Consequently, there is no void growth in pure shear deformation. The void nucleation
depends on the equivalent plastic strain ¢,, here a normal distribution A is used.

A strong coupling between deformation and damage is introduced by a plastic potential
function which is dependent on the void volume fraction f*:

fgL:fgrﬁucl +fggLr0Wthv
B =(fy /sn)e” exp{—0.5[e’y —zy) /sy I}, (8)
fg’érowth = (1_f)£k’

where gy and sy are the average nucleation strain and the standard deviation respectively. The
amount of nucleating voids is controlled by the parameter fy.



f=fif f<f;

. _ _ )
£ =f, + (T —f,)/ (F —F,) if f>f,,

where ?F =(0, +\/q12 —03)/03, Q1, g2, and gz are constants of the model.

The final stage in ductile fracture comprises in the voids coalescence into the fracture zone.
This causes softening of the material and accelerated growth of the void fraction f* until the
fracture void fraction fr is reached. At this moment the material is fractured.

The model of ductile fracture requires knowledge of 9 parameters: three model parameters
(01, 2 and g3), the initial void fraction fo, three void nucleation parameters (e, Sy and fy), two
failure parameters (f. and fz). The model parameters for titanium alloy VT 5-1 and VT1-0
were determined by numerical simulation of experiments on the tensile samples in the
velocity range from 20 to 0.4 m/s. Numerical values of model parameters were fitted

Numerical values of model parameters are given in Table 3. The model was used for
simulation samples under tension at constant velocity from 20 m/s to 0.4 m/s.

Table 3. Dimensionless parameters for the GTN model for alpha titanium alloys

Parameter g | Q2 03 fo fn fc fr EN SN

VT 5-1 (Grade 6) 1 |07 1 0.00 0.156 | 0.117 | 026 | 0.05 | 0.1

VT1-0 (Grade 2) 15 | 1 | 225 | 0.002 0.017 026 | 0303 | 03 |01

5 Results and discussion

The character of fracture of the samples at tensile velocities of 20 m /s, 12m /s, 24 m/s,
and 0.4 m / s can be seen in Fig. 4. The cracks position indicates that there is a very strong
correlation between the localization of the plastic deformation and damage growth.
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Figure 4. Fractured smooth and notched samples of VT5-1 titanium alloy after
tension at the velocity: (a) 20 m/s, (b) 12 m/s, (c) 2.4 m/s, (d) 0.4 m/s



Principal tensile stress, effective stress, effective plastic strain in the notched specimen of an
alpha titanium alloy VT5-1 before crack initiation are shown in Fig. 5 (a), (b), (c),

respectively. Effective plastic strain near crack is shown in Fig. 5(c, d).
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Figure 5. (a) Effective stress, (b), (c), (d) effective plastic strain in the alpha titanium
notched specimen under tension at 20 m/s; (f) stress triaxiality; (g) photo of fractured
notched specimen

For notched specimens under uniaxial tension damage can initiates at the outer surface of the
specimen, and grows from the outer surface to the center of the specimen. The simulations
demonstrate the important role of strain localization phenomena in the fracture processes.
Figure 6 shows the calculated plastic strain in the necking zone before fracture. Two inclined
stationary shear bands were formed in the necking zone. Fig. 5 and 6 showed the calculated
configuration of cracks.
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Figure 6. Damage growth and crack initiation in the alpha titanium smooth specimen
under tension at 20 m/s; (g) photo of fractured specimen

Calculated configurations have good agreement with experimental data (See Fig.5(a)).
Verleysen showed that the phenomena of strain localization play a major role in the fracture
process of alphatbeta titanium alloy (Ti6V4AIl) at lower stress triaxiality [25]. The
experimental and theoretical results obtained in this paper on alpha titanium alloys agree with
the results for two-phase alpha + beta titanium alloys. Damage evolution in smooth specimen
of alpha titanium alloy (VT5-1) under tension is shown in Fig.6.

The growth of damage and the initiation of cracks in the smooth sample of alpha-titanium
under tension at 20 m / s occur in the shear bands. Localized shear bands at the first stages of
deformation are non-stationary (See Fig. 6(a,b)) and intersect at angles. Calculated
configuration of cracks in the smooth and notched samples of alpha titanium alloys is in good
agreement with the experimental data.
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Figure7. Measured force versus time under tension smooth and notch samples (a) at
20.0£0.01 m/s and (b) 2.4 m/s

The force versus time at room temperature and tension velocity of 20 m/s and 2.4 m/s are
shown in Fig. 7(a) (b), respectively. The shape of force versus time curves depends on the
distance between the grips and the tensile speed.

Using «fast jaw» grips on the Instron test machine VHS 40/50-20 during high-rate tests with
different velocities of tension leads to the need to account for changes in the distance between
the grips when determining the true stress and true strain curves. Oscillations of the force
shown in Fig 7 (a) are caused by the reflection of the force pulses moved through the
specimen.

Therefore, the use of the analytical ratio (3) to analyze the results of tests at high tensile
velocity leads to the need for averaging the data obtained. The true stress obtained from
analytical relations (3) is underestimated relative to the values obtained by numerical
simulation. The true stress versus true strain at room temperature and strain rate 834 s™ (at the
velocity 20 m/s) are shown in Fig. 8 (a). The introduction of the triaxiality effect in the strain
hardening model is important for the prediction of damage evolution under deformation at
high strain rates. Damage kinetics in alpha titanium alloys is connected with macroscale
plastic instability. Strain to fracture at strain rates 8335, 418 +2, 100+1, 16.7+1 s™ of smooth
and notched samples are shown in Fig. 8(b). The strain to fracture of the alpha-titanium alloy
is reduced simultaneously with the growth of the strain rate from 0.01 to ~1000 s™ and also
reduced with an increase in the stress triaxiality n in the range from 0.33 to 0.55.
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Figure 8. (a) The true stress versus true strain of titanium VT 5-1 at room
temperature: analytical curves (1), and (2); calculated curves (3), and (4); (b) strain to
fracture samples under uniaxial tension at velocities 20, 12, 2.4, 0.4 m/s and at the initial
stress triaxiality n: 0.3333, 0.4087, 0.4681, 0.5491; (c) stress triaxiality in the gauge 2
(curve 1), equivalent plastic strain in gauges 2 and 3 (curves 2,3)

The stress triaxiality at strain rate above 100 s is strongly influenced on the plastic flow and
fracture of alpha titanium alloy. Strain to failure of alpha titanium alloys at room temperature
decreasle by 3.7 times with increasing stress triaxiality from 0.3 to 0.6 at strain rates of 0.01-
1000 s™.

The results on the influence of stress triaxiality on the strain to fracture of the alpha titanium
alloys obtained in this paper agree with the data of Bobbili [13].

The simulation results showed that stress triaxiality is changed in the necking zone under
tension (see Fig.8(c)). The variation of n in the necking zone is caused by the shear stress
relaxation at quasi -stationary shear bands formation.

The use of a model combining the description of the plastic flow of origin and the growth of
damage in the calculations made it possible to compare the description of the mechanical
behavior of alpha-titanium alloys in the strain rate range from 0.001 to 1000 s™ and different
values of stress triaxiality (0.0< n <0.6).

Conclusions

In this paper, mechanical behavior of titanium alloy Grade 6 (this is an analog of VT5-1 or Ti-
5Al-22,55n) and Grade 2 (VT1-0) was studied under tension in a wide range of strain rates
(from 0.001 to 1000 1/s) and stress triaxiality (0.0-0.6) at room temperature. Smooth and
notched specimens were tested at tension velocity from 0.04 m / s to 20 m/s using an Instron
VHS 40 / 50-20 servo-hydraulic test machine.



Analysis of the experimental results is supported by finite element simulations. Detailed
information, complementary to the test results, is obtained on the stress and strain distribution
close to the fracture. A ductile fracture at high strain rates occurs in smooth and notched
samples.

A coupled elastic-plastic-damage model based on continuum damage theory used to simulate
the mechanical behavior of alpha titanium alloys with HCP crystal structure.

The Gurson-Tvergaard-Needleman damage model is adopted for alpha titanium alloys,
complemented with phenomenological laws for void nucleation, growth and coalescence.

The model can accurately predict both deformation and damage behaviors of alpha titanium
alloys at strain rates from 0.001 to 1000 s-1 and stress triaxiality from 0.3 to 0.6.

The obtained experimental data indicate that there is a very strong correlation between the
characteristics of the plastic deformation and the rate of damage growth.

The constitutive and failure model parameters can be determined on the base of tensile test
results. The constitutive and fracture models have been validated by simulating the tension
tests.
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