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ABSTRACT. The fatigue behaviour of circumferentially notched specimens
made of titanium alloy, Ti-6Al-4V, has been analysed. To investigate the
notch effect on the fatigue strength, pure bending, pure torsion and multiaxial
bending-torsion fatigue tests have been carried out on specimens
characterized by two different root radii, namely 0.1 and 4 mm. Crack
nucleation and subsequent propagation have been accurately monitored by
using the direct current potential drop (DCPD) technique. Based on the
results obtained from the potential drop technique, the crack initiation life has

been defined in correspondence of a relative potential drop increase AV/AV,
equal to 1%, and it has been used as failure criterion. Doing so, the effect of
extrinsic mechanisms operating during crack propagation phase, such as
sliding contact, friction and meshing between fracture surfaces, is expected to
be reduced. The experimental fatigue test results have been re-analysed by
using the local strain energy density (SED) averaged over a structural volume
having radius Ry and surrounding the notch tip. Finally, the use of the local
strain energy density parameter allowed us to propetly correlate the crack
initiation life of Ti-6Al-4V notched specimens, despite the different notch
geometries and loading conditions involved in the tests.
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INTRODUCTION

notched specimens under pure torsion or combined tension-torsion multiaxial fatigue loadings. The fatigue life of

notched bars resulted longer than that of smooth ones, the higher the stress concentration factor under the same
load amplitude. This notch-strengthening effect has been observed by fatigue testing cylindrical specimens made of
austenitic stainless steels [1-3], NiCtMo steel [4], pure titanium [5], but it was not found in carbon steels [3,7,8]. As
recently discussed by Tanaka [6], this effect can be explained on the basis of different morphologies of the fracture
surfaces: in circumferentially notched bars under torsion fatigue loadings, factory-roof type fracture surfaces have been
found; consequently, the sliding contact and the meshing between crack surfaces cause the retardation of crack
propagation [9—13].
In this context, the fatigue behaviour of circumferentially notched specimens made of titanium grade 5 alloy, Ti-6Al-4V,
has been analysed in the present contribution. To investigate the effect of the notch geometry and the loading condition
on the fatigue strength of the titanium alloy, pure bending, pure torsion and multiaxial bending-torsion fatigue tests have

I n the recent literature [1-6], an unexpected notch-strengthening phenomenon was found in circumferentially

been carried out on specimens characterised by two different notch root radii p, namely 0.1 and 4 mm. In all cases, the
nominal load ratio R has been kept constant and equal to -1. Crack initiation and subsequent propagation have been
accurately monitored by using the Matelect® DCM-2 direct current potential drop (DCPD) method, which allows to
define the crack initiation life in correspondence of an increase of the electrical potential drop.

The experimental fatigue results have been re-analysed by using the local strain energy density (SED) averaged over a
structural volume having radius Ro surrounding the notch tip, as proposed by Lazzarin and Zambardi [14] and Lazzarin
and Berto [15]. According to a recent contribution [16], to exclude all extrinsic mechanisms acting during the fatigue crack
propagation phase, such as sliding contact, friction and meshing between mating crack surfaces, the crack initiation life
has been considered.

For the sake of brevity and the experimental fatigue tests being ongoing, in this contribution the preliminary experimental
fatigue results only relevant to pure bending loading will be discussed and reanalyzed.

EXPERIMENTAL FATIGUE TESTS

he geometry of the fatigue tested bars, made of Ti-6Al-4V titanium alloy, is reported in Fig. 1, along with details of
the circumferential notches characterized by different values of the notch tip radius p.
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Figure 1: Geometry of the circumferentially notched specimens (dimensions are in mm).

The experimental fatigue tests have been carried out by means of a flexible test bench: with the experimental arrangement
shown in Fig. 2a it has been possible to execute fatigue tests under pure bending, pure torsion and combined bending-
torsion loadings by propetly setting the external loads applied to the specimen by two independent hydraulic actuators. A
nominal load ratio R equal to -1 has been adopted in all fatigue tests.

In all fatigue tests, the Matelect® DCM-2 direct current potential drop method, sketched in Fig. 2b, has been adopted to
monitor in detail both fatigue crack initiation and propagation phases. Two specimens have been used: one was the fatigue
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tested specimen, while the other one was the reference unloaded specimen. The specimens were connected in series so
that a 30-A-constant-current (I in Fig. 2a) flowed through both of them.

During each experimental fatigue test, the electrical potential drops AV, for the tested specimen, and AV, for the
reference one (see Fig. 2b), have been measured between two 3-mm-diameter copper pins, glued close to the notch edges
by using Ag-filled epoxy. Accordingly, the technical fatigue crack initiation life can be defined as the number of loading
cycles at which the normalized electrical potential AV/AV shows a given increase, assumed here about equal to 1%.
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Figure 2: (a) Flexible test bench adopted for pure bending fatigue tests and (b) experimental setup of the adopted electrical potential
drop measurement system.

CALIBRATION CURVES OF THE POTENTIAL DROP METHOD

ccording to the pioneering contributions by Ritchie and Bathe [17] and Aronson and Ritchie [18], the finite
element method (FEM) is an accurate tool to derive the calibration curves of the electrical potential drop method,
i.e. the potential drop as a function of the initiated crack depth in a specific specimen geometry, which is more
simple and fast than experimental or theoretical calibrations.
The calibration curves relevant to Ti-6Al-4V notched specimens (reported in Fig. 1) have been derived by means of
electrical FE analyses. The numerical analyses have been cartied out using Ansys® code, by adopting a 3D, 10-node,
tetrahedral, electric solid element (SOLID 232 of Ansys® element library). The boundaty conditions have been applied to
the FE model following the procedure extensively described in a previous contribution [19], which is not repeated here.
However, in this case due to application of bending loadings in the fatigue tests, the fatigue crack has been assumed to
initiate and subsequently to propagate with a semi-elliptical shape from the circumferential notch toward the center of the
bar, and not concentrically as assumed in [19], in which axial and torsion loadings were considered.
The results obtained by employing a full 3D FE analysis relevant to Ti-6Al-4V notched specimens are reported in Figs. 3a
in tetms of ratio AV/AVj as a function of the normalized crack depth a/tner, tne being the radius of the net-section. A
range of the ellipse semi-axes ratio ¢/a has been analysed, since it could be not the same in all specimens and it could also
change during crack propagation as highlighted by Doremus et al. [20]. However, it is worth of mentioning that a
saturation effect occurs on the calibration curves with increasing the ¢/ ratio, so that ratios higher than 4 have not been
considered.
The calibration curves reported in Fig. 3a were used to define the crack initiation life in an operational manner, i.e. at a

relative potential drop increase AV/AV, equal to 1.01. Such operational definition is consistent with that adopted by
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Figure 3: (a) Calibration cutves AV/AV, obtained numerically as a function of the normalized crack depth a/foe, for Ti-6Al-4V
notched specimens. AVy represents the electrical potential of the reference un-cracked specimen (¢ = 0). (b) Definition of crack
initiation life in terms of electrical potential drop.

Tanaka [6]. According to the zoom repotted in Fig. 3b, it is seen that a ratio AV/AVj equal to 1.01 cortesponds to a crack
depth « in the range 0.8+1.4 mm.

AVERAGED STRAIN ENERGY DENSITY APPROACH

he strain energy density (SED) averaged over a control volume, the radius of which is thought of as a material

property according to Lazzatin and Zambardi [14], proved to efficiently account for notch effects both in static

[14,21] and fatigue [14,22,23] structural strength problems. The idea is reminiscent of the stress averaging to
perform along a material-dependent microstructural length, according to the approach proposed by Neuber.
Such a method was formalized and applied first to sharp, zero radius, V-notches [14] and later extended to blunt U and V-
notches [15]. When dealing with sharp V-notches, see for example the case with p = 0.1 mm in Fig. 1, the control volume
is a circular sector of radius Ry centered at the notch tip [14] as shown in Fig. 4a. For a blunt V-notch, see for example the
case with p = 4 mm in Fig. 1, the volume assumes the crescent shape shown in Fig. 4b [15], where R is the depth
measured along the notch bisector line. The outer radius of the crescent shape is equal to Ro + 10, where 1o depends on the
notch opening angle 2a. and on the notch root radius p according to the following expression:

-1
n=1"p M
q
with q defined as:
21— 20
q=—— @
T

The control radius Ro for fatigue strength assessment of notched components made of titanium grade 5 alloy has been
previously estimated by Berto et al. [24] by equating the averaged SED in two situations, i.e. the fatigue limit (or the high-
cycle fatigue strength) of un-notched and notched specimens, respectively. Therefore, Ry combines two material
properties: the high-cycle fatigue strength of smooth specimens, referred to Na = 2106 cycles, and the value of the Notch
Stress Intensity Factor (NSIF) range for sharp V-notches with opening angle equal to 90 degrees, referred to the same
number of cycles Na, according to Egs. (3) and (4) derived in [4,14]. Berto et al. obtained the following values for the
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control radius Ro of Ti-6Al-4V [24] dealing with tension (mode I) and torsion (mode III) loadings, respectively, with a
load ratio R = -1:

1 1
AK, | Y 452 MPa - 0455 \1-0.545
Ry, =[\/261- AG“‘J :(«/2-0.146- 02 MPa - mm ] =— 0.051mm 3)

. 950 MPa

1 1
AK, ) 0310 1216 MPa-mm"*™ |-066
R, =] L~ | ] : 2 m = 0.449mm )
1+v  Ar, 1403 776 MPa

It should be noted that the control radius Ro for fatigue strength assessment of Ti-6Al-4V notched components assumes
extremely different values under mode 1 and mode III, so that the energy contributions related to the two different
loadings should be averaged in control volumes of different size [4]. The idea of a control volume size dependent on the
loading mode has been proposed for the first time in [4] dealing with the multiaxial fatigue strength assessment of notched
specimens made of 39NiCrMo3 steel, then it has been successfully applied also for the fatigue strength assessment of
notched components made of AISI 416 [25] and cast iton EN-GJS400 [26] subjected to combined tension and torsional
loading.

S

Notch bisector line

Notch bisector line

Figure 4: Control volume for specimens weakened by (a) sharp [14] and (b) blunt V-notches [15].

Once the size of the control volume is properly defined, the averaged SED can be evaluated directly from the FE results,
AW , by summation of the strain-energies W calculated for each i-th finite element belonging to the control volume V
(or area A in two-dimensional problems, as shown in Fig. 4):

_ W,
AW:%@ )

where the coefficient ¢y accounts for the effect of the nominal load ratio R [27], when the range value of the nominal
stress is applied to the FE model. It is equal to 1 for R = 0 and to 0.5 for R = —1. Eq. (5) represents the so-called direct
approach to calculate the averaged SED. According to a recent contribution of Lazzarin et al. [28], very coarse FE meshes
can be adopted within the control volume (see Fig. 5).

12
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SED-BASED REANALYSIS OF CRACK INITIATION AND TOTAL LIFE EXPERIMENTAL DATA

calculated using the direct approach, AW, according to Eq. (5) (with about 50 finite elements inside the control

volume). Due to application of non axis-symmetric loadings, i.e. pure bending, 3D FE analyses of the cylindrical
specimens were needed to evaluate the averaged SED. To obtain the 3D mesh, first, a 2D free mesh pattern of
quadrilateral 8-node PLANE 183 elements has been generated; after that, the 2D FE mesh has been extruded about Y
axis by using 3D 20-node brick elements (SOLID186 of the Ansys® element library) and by setting a proper extrusion
step size in order to obtain a control volume V having both radius and depth equal to Roy, as suggested for 3D
applications of the SED approach [21,23]. An example of the adopted FE mesh along with a detail of the structural
volume for averaged SED calculation is reported in Fig. 5. It should be noted that only a quarter of each specimen has
been modelled, taking advantage of the anti-symmetry on the YZ plane and of the symmetry on the XY plane (see Fig. 5).
To propetly simulate the loads and restraints applied by the adopted test bench (see Fig. 2a), the cylindrical surface
highlighted in gray in Fig. 5a was fixed, while bending loading was applied by means of concentrated forces at the
opposite end.

T he local SED values, averaged over the control volume relevant to mode I loadings (Ro; = 0.051 mm), have been

(@)
i . ,////////// e Y «

Fixed region

Notch bisector

Figure 5: (a) Coarse FE mesh (about 50 FE inside the control volume) adopted in the 3D numerical analyses. The Y-axis coincides
with the axis of the specimen. (b) Details of the FE mesh inside the control volume V. Considered case: sharp V-notched specimen (p
= 0.1 mm) under pure bending loading, Ro; = 0.051 mm.

The preliminary experimental fatigue results presented in terms of local SED and relevant to pure bending fatigue loading
are reported in Fig. Ga, where the operational definition of crack initiation life (AV/AVy = 1.01 according to Fig. 3b) has
been applied. In a recent contribution of the present authors [106], it has been highlighted that a physical definition of the
crack initiation life in relation to the SED-approach could be defined when the crack depth a equals the structural volume
size Ro, that is the initiated crack depth leads to the structural volume failure. Dealing with the present results, it should be
noted that: (i) given a crack depth 4, the potential drop method is less sensitive to the initiation of an elliptical crack than
to the initiation of a circumferential one (calibration curves of Fig. 3 should be compared with those reported in [19]); (ii)
the control radius Ro; for fatigue strength assessment of Ti-6Al-4V notched components is equal to 0.051 mm. Therefore,
the physical definition of the crack initiation life (# =Ro;) cotresponds to a relative potental drop increase AV/AVy lower
than 1%o (Fig. 3b): such a reduced AV/AV) value is not applicable to the present case due to the un-sufficiently high
sensitivity of the adopted DCPD crack growth monitor device.
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Leaving aside the physical definition of crack initiation, Fig. 6a shows that the ratio between crack initiation life according
to the operational definition (open markers) and total life (filled markers) is equal to approximately 0.50+0.60 for the
sharp V-notch (p = 0.1 mm), while it is equal to about 0.90 for the blunt notch (p = 4 mm).

Fig. 6b shows a comparison between the averaged SED-based scatter-band calibrated previously by Berto el al. [24] on
about 160 uniaxial and multiaxial experimental data obtained from sharp V-notched Ti-6Al-4V specimens and the new
fatigue results relevant to pure bending loading, obtained in the present contribution and expressed in terms of total
fatigue life. It can be observed from Fig. 6b that all new data fall within the SED-based scatter band showing a good
agreement between theoretical estimations and experimental results. However, it should be noted that the averaged SED-
based scatter-band reported in Fig. 6b is characterized by a rather wide scatter (Tw = 2.50, i.e. an equivalent stress-based

scatter index Ts = /T, = 1.58), being calibrated on experimental data expressed in terms of total fatigue life. It is worth

noting that Fig. 6a suggests that the scatter index could be reduced if the averaged SED-based scatter-band was calibrated
on crack initiation data rather than total fatigue life data.

10,0 50,0 =
@ . Ry;=0.051 mm L ® Ry, =0.051 mm
L Oore " AW, 500, = 3.08 MJ/m?
— (CRE J — Ti-6A1-4V: scatter band | N =2 -106 cycles
\E /A “' ‘\5 calibrated in [24] Scatter Index (10%-90%);
= A Pl = Ty = 4.87/1.95=2.50
= | ¢ = Slope k = 5.90
= > =
<1n | 7 runout e 4"5,0 4.87
& & f T T—0 Tt 3.08
= op =0.1 mm 8 .
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A | gp=0.1mm « e p=01mm
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Figure 6: (a) Crack initiation (open markers) and fatigue life to failure (filled markers) of Ti-6Al-4V notched specimens expressed in
terms of averaged SED. (b) Comparison of new fatigue data in terms of total fatigue life with the averaged SED-based scatter-band
calibrated previously [24] on about 160 uniaxial and multiaxial experimental fatigue results obtained from sharp V-notched specimens.

CONCLUSIONS

specimens made of titanium alloy, Ti-6Al-4V, with different notch root radii and subjected to pure bending fatigue

loadings, have been reanalysed by means of the averaged strain energy density (SED) approach. Agreement has been
found between new fatigue data and a SED-based scatter band previously calibrated on uniaxial and multiaxial fatigue
results in terms of total fatigue life. However, if the crack initiation life had been considered, even though defined in an
operational manner, reduction of scattering in the SED-based synthesis of notches of different severity is likely to be
obtained and it will be the subject of future investigations.

I n the present contribution, some preliminary experimental fatigue results, obtained from circumferentially notched
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