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Abstract:

The present research aims at modelling the fracture occurrence in Ti6AI4V titanium alloy‘sheetsiwhen deformed at
room and elevated temperature, taking into account their anisotropic behaviour. The“coupling-of the Barlat-Lian
1989 anisotropic yield criterion and GISSMO damage model was introduced to predictithe fracture occurrence and
capture its anisotropic characteristics. The two models were calibrated on the basis of an extensive experimental
campaign, including tensile tests on smooth and notched samples, shear tests and.Nakajima-type tests at varying
temperature and rolling direction. In order to validate the proposed approach, tests not used in the calibration phase
were used, and the comparison between experimental and numerical, results was carried out in terms of fracture
characteristics at varying temperature and rolling direction. It was provedsthat the proposed modelling was able to
satisfactorily reproduce the different fracture characteristics arising as'a consequence of the sheet anisotropy and
testing temperature.
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1. Introduction

Ti6AI4V titanium alloy is widely used in manysindustrial applications, such as biomedical, chemical, automotive
and aerospace [1, 2], thanks to its high”strength-to-weight ratio, excellent biocompatibility, elevated corrosion
resistance, and low thermal expansion/characteristics. Ti6Al4V is a biphasic alloy, with the dominant alpha phase at
room temperature characterized by a Hexagonal Close-Packed (HCP) structure. The limited number of slip planes
of HCP structures is known_to lead to poor formability, which forces to form Ti6Al4V sheets at elevated
temperature [3]. Furthermore, the limited number of slip planes induces a significant anisotropy of the material
mechanical characteristiCs, which- may also affect its failure behaviour. Ti6AI4V elasto-plastic behaviour taking
into account the material, anisotropy was mainly investigated at room temperature, as in [4] where different
anisotropic yield criteria were calibrated through a series of tests performed on samples cut at different rolling
directions. On' the contrary, few literature records pertain to modelling of such behaviour at temperatures higher
than the room,temperature: an example is given in [5] where different anisotropic yield criteria were calibrated to
simulate'the,deep drawing process conducted at 400°C on Ti6Al4V sheets. The same applies when modelling of
damage evolution and fracture occurrence: scientific literature reports a few studies about the failure behaviour of
titanium alloy sheets deformed at room temperature [6], taking into account the anisotropic behaviour on the basis
of the plasticity model, whereas the possible anisotropic failure behaviour at elevated temperature hasn’t been
reported yet. To this aim, it is mandatory: i) to evaluate to which extent damage and fracture show anisotropic
characteristics at varying temperature, and ii) to provide a damage evolution model capable to capture the influence
of the sheet rolling direction on failure at varying temperature.

Within the numerous models available in literature to model damage evolution and fracture occurrence, the
phenomenological ones appear the most suited thanks to their inherent easiness in implementation into commercial



Finite Element (FE)-based codes devoted to simulation of sheet forming processes and readiness of calibration [7].

In this paper, the phenomenological damage model called GISSMO (Generalized Incremental Stress State

dependent MOdel) is applied to predict the onset of failure, taking into account the influence of the material

anisotropy. The GISSMO model takes into account the dependence of the stress state through the stress triaxiality,

whereas the Lode angle dependence is not considered, as shell elements are usually utilized when simulating sheet

forming operations. The GISSMO model has been extensively used to predict failure of metals at room

temperature: in [8], dual-phase steel sheets were formed and later on subjected to crash loading conditions and

their failure behaviour analysed; in [9], the model was applied to martensitic steel sheets under various stress state,

whereas in [10] the comparison between the predictions of the GISSMO model and those of a fraCture criterion

based on fracture forming limits proved that the former was more accurate; in [11], it was proved that the

GISSMO maodel reduced significantly the simulation time compared to other fracture criteriasbeing still capable of

satisfactory prediction of the material failure.

In this framework, the aim of the paper is to analyse and numerically model the Ti6Al4V sheets failure behaviour at
varying temperature and specimen rolling direction. An extensive experimental. campaigh was carried out to
calibrate and validate the chosen yield criterion and failure model, including tensile tests on smooth and notched
specimens, shear tests and Nakajima-type tests at varying temperature and rolling~direction. The results of the
experimental campaign are presented in Section 2 of the paper, whereasSection 3 pertains to the description of the
numerical models developed to simulate the experiments, in which the calibrated yield criterion and damage model
were implemented. Section 4 shows the calibration procedure of the empleyed models and related results, as well
as the validation cases are presented.

2. Experimental

Ti6AI4V titanium alloy sheets with a thickness of 1 mm ‘were selected as testing material, from which the
specimens used in the experimental campaign were.laser. cut. Tensile tests on smooth and notched samples, shear
tests and Nakajima-type tests were carried outto.cover a wide range of stress triaxiality, between simple shear and
equi-biaxial tension, to both calibrate andyvalidate the models used to describe the elasto-plastic and fracture
behaviour of the Ti6Al4V sheets deformed at room and elevated temperature. These tests allowed evaluating the
flow behaviour, anisotropic and fracture ¢haracteristics at varying temperature, strain rate and rolling direction.

2.1 Tensile tests on smooth,specimens

Uniaxial tensile tests were carried-out according to the ASTM E8/E8M-16a standard [12] using smooth specimens
machined with a gauge length of 65 mm. The tensile tests were conducted on a universal 5 t MTS™ testing
machine equipped with a resistance heating system to heat up the specimen to the testing temperature. After 30 s of
soaking time at the testing temperature to homogenise the thermal field, the specimens were strained until fracture
and left to cool in calm air to room temperature. The Aramis™ system from GOM was used to capture the strain
field evolution of the specimen during deformation till fracture. In order to record the strain evolution, a thin layer
of white and black paint speckle patterns was applied on one side of the specimen. The Aramis™ recorded data
were also used to calculate the Lankford coefficients, namely the plastic anisotropy coefficients, on the basis of the
width and thickness strain values.

The experimental set-up used for tensile testing is shown in Figure 1 (a). The testing temperatures were chosen
from room temperature to 800°C, applying strain rates of 0.01, 0.1, 1 s™ in order to identify the material behaviour
sensitivity to temperature and strain rate. These values of testing temperature and strain rate are within the ranges of
those applicable in forming of titanium alloy sheets.
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Fig. 1 (a) Experimental set-up, and (b) specimens used for tensile and shear testing.
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Fig. 2 (a) Flow behaviour at varying temperature, and (b) fracture strain at varying temperature and specimen
rolling direction.
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Fig. 3 (a) Lankford coefficients, and (b) average normal and planar anisotropy at varying temperature.

Figure 2 (a) shows the high flow stress sensitivity to temperature at strain rate of 0.1 s™* for specimens cut at 0° with
respect to the rolling direction. Figure 2 (b) reports the strain at fracture as a function of the testing temperature and
specimen rolling direction: in general, a significant increase of ductility is seen starting from 600°C, identifying this
temperature as the one at which the benefit of elevated temperature forming in terms of enhanced formability can



be exploited. Furthermore, there is a remarkable sensitivity to the rolling direction, as specimens cut at 45° with
respect to the rolling direction always show the highest ductility, whereas specimens cut at 90° always the lowest,
regardless of the testing temperature. The temperature influence on the Lankford coefficients and on the average
normal and planar anisotropy is reported in Figure 3 (a) and Figure 3 (b), respectively: a similar anisotropic
behaviour pertains to temperature up to 600°C, which gradually reduces to disappear at 800°C. This behaviour can
be ascribed to the increase of beta phase volume fraction at increasing temperature, which becomes significant at
temperature above 600°C [13]. In fact, there is a gradual change from the Hexagonal Closed Packed (HCP) crystal
structure, typical of the alpha phase and characterized by a limited number of slip planes as well as high anisotropy,
to the Body Centred Cubic (BCC) structure, typical of the beta phase and characterized by a much’higher number
of slip planes and reduced anisotropy. This change in the crystal structure is responsible of both the higher ductility
and more isotropic behaviour close to 800°C. It is worth noticing that the highest values of{Lankford coefficients
pertain to specimens cut at 45° with respect to the rolling direction, which show to provide the highest ductility,
regardless of the testing temperature. Similar results were obtained for the other strainrates andynot here reported.

2.2 Tensile tests on notched specimens and shear tests

In order to have various stress states, tensile tests on notched specimens and'sheartests were also carried out, using
the same experimental apparatus and procedure described in 82.1. The notch radii were chosen equal to 2, 5 and 10
mm, whereas the shear specimens were machined according to the ASTM B831 standard [14] (see geometries in
Figure 1 (b)). These tests were carried out at room temperature and 600°Cy:being the latter the temperature at which
a remarkable change of material behaviour was found (seeresults in- §2.1) and, therefore, chosen for forming
TiBAI4V sheets at elevated temperature. The strain rate was.set equal to 0.1 s™. All the tests were carried out at
varying rolling direction in order to assess the anisotropy influence on the strain at fracture at varying stress state.
The strain at fracture of the notched samples was determined on the basis of the Aramis™ data, whereas the
procedure described in [15] was adopted for evaluating the strain at fracture after shear testing. The stress state was
identified in terms of stress triaxiality  according to Equation (1) where oy, is the hydrostatic stress, and S the
\Von Mises equivalent stress.

h=—2 (1)

The value of stress triaxiality for each test was determined on the basis of numerical simulations of the tests
themselves. Details can.be foundyin [15].

For the calibration of.the’damage model reported in 84, the values of the instability strain were also evaluated,
namely the values of strain at Ultimate Tensile Stress (UTS) recorded from the experimental engineering
stress-strain carves [16]:

2.3 Nakajima-type tests
Nakajima tests were carried out at room temperature and 600°C, using an average strain rate of 0.1 s, according to

the procedure reported in the ISO 12004 standard [17]. The Nakajima testing set-up is shown in Figure 4 (a): it
consists of a hemispherical punch (100 mm dia.) and a blank holder, mounted on a 200 kN hydraulic testing device.
A 0.1 mm thick graphite foil is used as lubricant between the sheet metal specimen and the punch to reduce friction
as much as possible. Cartridge heaters are inserted in the hemispherical punch to keep the temperature of the
specimen during the experiments constant and equal to the testing temperature. An induction heating coil is used to

heat up the specimen to the target temperature, which is continuously monitored through three K-type



thermocouples spot-welded at the centre, intermediate and outer diameter of the specimen surface deformed by the
punch. Two stereoscopic CCD cameras were used to monitor the specimen deformation during the test and the
Aramis™ system allowed determining the major and minor strain values. Two specimen geometries were selected
to be tested under Nakajima-type test conditions, namely a round specimen of 210 mm diameter and a 100 mm
wide notched specimen (see geometries in Figure 4 (b)). The former was used for calibrating the damage model
giving rise to an equi-biaxial state of stress, whereas the latter for validating the model at varying rolling direction.
The fracture strain values were recorded from the Aramis™ data.

The whole experimental plan, comprising tensile tests on smooth and notched samples, shear tests'and Nakajima
tests, is reported in Table 1.

Table 2 and Table 3 reports the values of strain at fracture and instability strain at varying. stress triaxiality and

specimen rolling direction at room temperature and 600°C, respectively. It is worth underlining that instability
strain values are not reported in case of shear samples, as the simple shear fracture occurs without necking.
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Fig. 4 (a) Experimental set-up, and (b) specimens used for Nakajima testing.

Table 1 Experimental plan.

Rolling direction

Specimen Temperature (°C) Strain rate (s*) 0
2 mm notched 25 600 0.1 0° ,45° ,90°
5 mm notched 25 600 0.1 0° ,45° ,90°
10 mm notched 25 600 0.1 0° ,45° ,90°
shear 25 600 0.1 0° ,45° ,90°

Nakajima round 25 600 0.1 -
Nakajima notched 25 600 0.1 0° ,45° ,90°
smooth 25 200 400 600 700 800 0.01,0.1,1 0° ,45° ,90°

Table 2\Fracture and instability strain values at room temperature at varying stress triaxiality and specimen
rolling direction.

T=25C 0° 45° 90°
£=0.1s" ! & Einst & Einst & Einst
shear 0.11 0.733 - 0.454 - 0.9 -
smooth 0.34 0.51 0.101 0.48 0.07 0.55 0.085
10 mm notched 0.42 0.43 0.0177 0.45 0.016 0.42 0.017

5 mm notched 0.47 0.35 0.0185 0.36 0.018 0.36 0.0172



2 mm notched 0.52 0.34 0.0194 0.35 0.0191 0.35 0.0164
Nakajima round 0.66 0.38 0.05 0.38 0.05 0.38 0.05

Table 3 Fracture and instability strain values at 600°C at varying stress triaxiality and specimen rolling
direction.

T=600C 0° 45° 90°
£=0.1s" ! & Einst & Einst & Einst
shear 0.11 1.134 - 1.012 - 1.274 -
smooth 0.34 0.77 0.125 0.85 0.176 0.68 0:09
10 mm notched 0.42 0.68 0.062 0.72 0.085 0.65 0.052
5 mm notched 0.47 0.64 0.07 0.66 0.097 0.62 0.052
2 mm notched 0.52 0.6 0.072 0.64 0.099 0.59 0.053
Nakajima round 0.66 0.66 0.13 0.66 0.13 0:66 0.13

3. Numerical modelling of the tests

The thermo-mechanically coupled numerical models of the testscdescribed”in §2 were developed with the
Ls-Dyna™ code version R9.1.0 (Ls_Prepost V4.5), using a dynamic-implicit analysis. The specimens were
discretized using shell elements of 1 mm of thickness with=5=through-thickness integration points. After a
preliminary sensitivity analysis, the element size was set less than 0.5 mm in the deformation zone to avoid any
influence on damage prediction. The dies simulated for the Nakajima set-up were considered rigid.

In case of tensile and shear tests models, the specimen testing temperature was simulated implementing a localized
heat generation source to the sample central zone onuthe ‘basis of recordings of an infrared thermo-camera (see
Figure 5 (a)); whereas, in case of Nakajima tests models, the initial thermal field of the specimen was simulated
with the same dimensions of the inductorheads used for heating up (see Figure 5 (b)). Graphite foils were used as
lubricant, using static and dynamic friction coefficients between the punch and specimen equal to 0.1 and 0.05 at
room temperature, respectively, while at:600°C the same values were set equal to 0.2 and 0.1 [18,19].
Temperature-dependent values ©f the Young’s modulus, Poisson’s ratio, heat capacity and thermal conductivity
were implemented [20], whereas the density was kept constant (see Table 4).
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Fig. 5 Temperature distribution implemented in case of tensile test on smooth specimens (a) and in case of
Nakajima test on round specimens (b).



Table 4 Ti6AI4V mechanical and thermo-physical properties implemented at room temperature and 600°C [20].

Density Young’s modulus Poisson’s ratio Heat capacity Thermal conductivity
(g/cm?) (GPa) (=) (J/kgK) (W/mK)
T=25°C 154 105 0.23 580 6.65
T =600°C ' 74.2 0.24 725 14.7

4. Damage modelling accounting for anisotropic behaviour

The influence of the sheet anisotropy was taken into account in both the yield criterion and hardening rule used to
model the material elasto-plastic behaviour as well as the damage model used to predict the‘fracture onset. In the
following paragraphs the main features of the employed yield criterion and damage model are'presented together
with the calibration procedure.

4.1 Barlat-Lian1989 yield criterion and hardening rule
The anisotropic yield locus at room temperature and 600°C was modelled using the Barlat-Lian 1989 yield criterion
[21], developed for materials exhibiting planar anisotropy, as is the case af Ti6AI4V (see Figure 3 (b)), based on the
following formulation:

f=alk; +k, /M +alk; —k,|M+c|2k,|M =2 M 2
where k1 and k2 are invariants of the stress tensor, M is an integer exponent, which is related to the crystallographic
structure of the material, and o, is the effective stress.
The constants a, ¢ ad h are calculated on the basis of the following equations:

_ 1
k, = cf11+2hC722’ k, = [(011 zhﬁzz) + pzﬁfz] 2 ©)
a=2-c=2-2 [ . (4)
1+rg 1+4rgg
_ r_o_ 1+rgg
h - 1+rg 9o (5)

where ry, I'ss, rgo are the three Lankford,coefficients.

Compared to other yield criteria usually implemented for the numerical simulation of sheet forming processes, the
calibration of this yield criterion requires a low number of material constants, namely the three Lankford
coefficients ro, I4s, reoand the'constant M that depends on the alloy crystallographic structure. The former were
implemented on the basis of the tensile tests on smooth samples reported in 82, whereas the latter was chosen equal
to 12 as reported-in‘[4].for HCP metals at room temperature. It is worth underlining that the same value of M was
used at 600°C since the HCP crystal lattice is still the dominating structure at this temperature, as the phase
transformation into a BCC structure is almost negligible at 600°C [13].

Among other yield criteria, the Barlat-Lian 1989 criterion was also chosen as, in a previous work by the Authors
[22], it was found suitable to accurately predict the strain localization due to plastic instability, which is mandatory
for a proper calibration of the damage model described in the following.

The associated flow rule was implemented by using the experimental flow curves derived from specimens oriented
at 0° at varying temperature and strain rate to account for strain hardening, temperature and strain rate sensitivity.

4.2. GISSMO model
The Generalized Incremental Stress State dependent damage MOdel (GISSMO model hereafter), developed by



Neukamm et al [23], predicts damage evolution and fracture occurrence in ductile metals using a phenomenological
approach. The model combines an incremental damage accumulation formulation, based on a failure curve function
of the actual stress state, with an incremental instability accumulation formulation, based on a critical strain curve,
again function of the actual stress state. The accumulated damage D and the so-called instability measure F are
computed according to Equations (6) and (7), respectively.

11

DD = LD[ ”]De

, ©)
e (1)
DF=—"__ F[l_ d De, 7)
e, (1)

Here, Ae, is the actual equivalent plastic strain increment, n is a damage exponent that‘accounts.for a non-linear
relationship between strain and damage, which is reasonable since damage is expected to accelerate when

approaching failure, e (/7) and € . (/7) are the fracture strain and instability strainyas function of the stress

triaxiality, respectively. Failure occurs when the damage D reaches unity. ©On therether hand, when the instability
measure is equal to 1, which means strain localization occurs, with the.accumulated damage that reaches a critical
value Dit, the accumulated damage affects the stress oaccording to.Equation (8).

i D_D m
O=0 l— I—Dcrn (8)

crit

where m is an exponent for damage related stress fadeout.

4.3 Calibration of the GISSMO model

For calibrating the GISSMO model, the curves of fracture strain &, and instability strain &, Vs. stress triaxiality
n as well as the fading exponent m and the.damage exponent n are needed. Figure 6 reports the former curves as a
function of the specimen rolling direction at room temperature and 600°C. A significant influence of the rolling
direction is appreciable, with the 452 direction showing always a higher ductility in case of smooth, notched and
Nakajima round specimens‘whereas a ductility increase is shown by the 90° direction in case of shear testing,
regardless of the testingtemperature.
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room temperature, and (b) 600°C.



The two exponents m and n were identified using the LS-OPT™ optimization software on the basis of the
Sequential Response Surface Method (SRSM) [24,25], whose procedure consists in varying the two exponents until
the mismatch between the experimental and computed force vs. displacement curves is small enough. The
experimental force vs. displacement curves chosen for the optimization procedure were the ones from the tensile
tests carried out on smooth specimens at different rolling directions at 600°C, which were compared with the ones
calculated by the related numerical models where the curves of Figure 6 (b) were implemented. The so-called
Curve Mapping algorithm (which computes the area between the curves and the x-axis) was used for optimization,
as is especially suitable in this case where the force vs. displacement curves are characterized by a significant drop
just before failure. The flow chart showing the optimization procedure is reported in Figure 7. After.afew iterations,
the damage exponent n was identified equal to 4 and the fading exponent m equal to 1.5. The same values were also
suitable for the other testing conditions, therefore any further optimization was neglected.
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Fig. 7 Flow chart of the optimization procedure to identify.the damage and fading exponents of the GISSMO
model.

The comparison between the fracture characteristics_predicted by the numerical models of the tests calibrated on
the basis of the above described procedure andithe experimental ones is shown from Figure 8 to Figure 15, which
are relevant to tests carried out at room“temperature and 600°C on specimens oriented at 0°, 45° and 90° with
respect to the rolling direction. In case of.tensile and shear tests, the comparison was carried out considering the
strain field just before fracture, the’shape,ofthe fracture, and the force vs. displacement curve. In case of Nakajima
tests conducted on round specimens;, the’ comparison was about the shape of the fracture and the height of the
fractured dome.

Figure 8, relevant to smooth specimens deformed at room temperature, shows a good agreement between
experimental and numerical results, regardless of the specimen rolling direction. In case of 5 mm notched
specimens deformed at room temperature, the agreement is still very satisfactory when testing the 0° and 45°
rolling direction, with=the 90° specimen showing a simulated fracture that is anticipated of approximately 9.5%
compared to'the experimental one, but with again a good prediction of the fracture shape. Similar results were
obtained for.the other notched specimens, and therefore not here reported. In case of shear specimens deformed at
room temperature, the model is again capable to catch the fracture shape, but the fracture occurrence is
overestimated for the 90° rolling direction of about 20%, even if the shape of the curve final portion is well
represented. At room temperature, it is worth noting that the highest ductility shown by the 0° smooth specimen and the
45° notched specimen is well predicted, as is the highest ductility in case of 90° shear specimen. As shown in Figures 9
and 10, the strain field is well predicted for the 90° rolling direction of the smooth specimen, whereas the simulated
fracture is less accurate for the 90° rolling direction of both the notched and shear specimens.

The comparison between experimental and numerically predicted fracture characteristics in case of Nakajima round
specimens deformed at room temperature is shown in Figure 11: both the fracture shape and the height of the



fractured dome are well predicted.
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Fig. 8 Experimental and numerically predicted fracture characteristics of smooth specimens deformed at room
temperature at varying.rolling direction.
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Fig. 10 Experimental and numerically predicted fracture characteristics of shear specimens deformed at room

temperature at varying rolling direction.
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Fig. 11 Experimental and numerically predicted fracture characteristics of Nakajima round specimens deformed at

room temperature.

At 600°C, the fracture characteristics change as a consequence of the material higher ductility. In case of smooth
specimens, as shown in Figure 12, the strain field is well predicted for the 0° and 45° directions, whereas the
experimental strain localization for the 90° agrees less with the numerical outcome. On the contrary, the prediction
of the fracture shape is very good for all the three directions: especially at 45° direction even the location of the
fracture onset at the middle of the specimen is correctly reproduced by the numerical model, as well as the force vs.



displacement curves. In case of 5 mm notched specimens, as shown in Figure 13, the model is able to catch the
fracture occurrence at the edge of the specimens and the almost flat fracture shape regardless of the specimen
rolling direction. At 90° direction, the numerical force vs. displacement curve differs of about 18% from the
experimental one in terms of displacement at fracture, whereas the other two directions are well predicted, as is the
case at room temperature. Similar results were obtained for the other notched specimens, and therefore not here
reported. In case of shear specimens, as shown in Figure 14, regardless of the rolling direction, the numerically
predicted fracture shape tilts on the left differently from the experimental fractures that tilt on the right. Contrary to
room temperature testing, the experimental and numerical force vs. displacement curves relevant to 0° direction
differ of about 17% in the displacement at fracture. It is worth underlining that the highest ductilityshown by the
45° smooth and notched specimens is always predicted, as is predicted the highest ductility shown by the 90°
specimens under shear testing conditions.

Again, the good agreement between experimental and numerical fracture shapes and paositions_in the Nakajima
round specimen is seen in Figure 15 when testing at 600°C.
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Fig. 12 Experimental and numerically predicted fracture characteristics of smooth specimens deformed at 600°C at
varying rolling direction.
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4.4 Modelling validation
The experimental outcomes from testing Nakajima notched specimens, not included in the calibration procedure,
were used to validate the modelling approach proposed in §4.2. Figure 16 (a) shows the numerical model used for
such test, whereas Figure 16 (b) shows the comparison between the experimental and numerical dome heights. As
expected, as a consequence of the material increased ductility, the dome height at room temperature is lower than
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the one at 600°C. Both at room temperature and 600°C, the agreement between experimental and numerical results
is very satisfactory, with a maximum difference less than 15%. Figure 17 shows the comparison between the
experimental and numerically predicted fracture morphology and location at different specimen rolling direction,
both at room temperature and 600°C. It is worth noting that the GISSMO model is capable of predicting both the
location and fracture shape. Even the tilted crack shape characteristic of the 45° oriented specimen is well
predicted.
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Fig. 16 (a) FE model of the Nakajima set-up for testing notched sp s. (b) Experimental and numerically

predicted dome heights at room temperature and 600°C at varying roling direction.
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room temperature and-600°C at varying rolling direction.

5. Conclusions
The paper focused on the numerical prediction of ductile failure of Ti6AI4V titanium alloy sheets when deformed
at room'and,elevated temperature taking into account the sheet anisotropic behaviour. In order to do that, the
Barlat-Lian 1989 yield criterion and the GISSMO model were used, suitably calibrated on the basis of an extensive
experimental campaign that included tensile tests on smooth and notched samples, shear tests and Nakajima-type
tests in order to have a wide range of stress triaxiality values. The tests were carried out on specimens machined at
different rolling orientation to account for the material anisotropic behaviour. The numerical model was then
validated on the basis of the outcomes of tests not included in the calibration phase.
The following conclusions can be drawn:

e The Ti6AIl4V sheets retained their anisotropic behaviour till 700°C, being both the strain at fracture and

instability strain significantly influenced by the rolling direction at varying stress triaxiality; in particular,



the 45° direction always showed the highest ductility, except in case of shear samples, both at room
temperature and 600°C.

e The Barlat-Lian1989 yield criterion was calibrated on the basis of the Lankford coefficients, and the
associated hardening rule on the basis of the material flow stress at varying temperature and strain rate,
whereas the GISSMO model by means of the strain at fracture and instability strain values at varying stress
triaxiality and rolling direction, at room temperature and 600°C.

e The numerical models of the tensile and shear tests with implementations of the calibrated Barlat-Lian
1989 and GISSMO models proved to give a satisfactory agreement with the experimental outcomes, in
terms of force vs. displacement curves, strain field, fracture location and characteristics; the same
agreement was found in case of Nakajima-type tests in terms of dome height and fracCture. location and
characteristics, considering both the geometry used for calibration and the one for validation.

e The models were, in general, able to catch the differences in fracture occurrence due to the different
anisotropic characteristics, with just a slight disagreement in case of 90° oriented specimens, especially
under shear conditions, which need further investigations.
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