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tests were performed at 20 kHz up to a fatigue life of 10° cycles. It has been shown that
regardless of the manufacturing process both surface and subsurface crack initiation
may appear under ultrasonic torsion loads despite the fact that the maximum shear stress
amplitude is located at the specimen surface. In the two cases cracks initiate on planes of
maximum shear stress amplitude (mode II). After reaching a certain length the cracks turn
and propagate in mode I. Surface crack initiation and growth mechanisms in VHCF regime
are similar to HCF ones. Subsurface crack forms a typical “fish-eye” pattern on fracture

Keywords:
Very-high cycle fatigue
Titanium alloy

Torsion

Crack initiation surface with three different zones: (1) small crack growth in the plane of maximum shear
Crack growth stress, (2) crack growth on the plane of maximum normal stress with the formation of a
Crack path quasi-flat failure surface covered by fretting debris, (3) crack branching under mixed mode

loading conditions (I + II +III) with the formation of several secondary cracks. Subsurface
crack initiation sites are located below the specimen surface (at a depth of approximately
200 um) for both the forged and the extruded materials. Subsurface crack growth is
observed on the failure surface as being less rough. The mechanisms of subsurface crack
initiation seems to be similar to these observed under fully reversed tensile loads.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It has be demonstrated by many authors that the study of the fatigue properties of structural materials, such as steels,
aluminum and titanium alloys, under torsion loading conditions is an important subject for industrial applications [1-4].
Many engineering components are subjected to complex loads involving bending, tension or torsion. Moreover, in the case
of modern applications, such as cars, high-speed trains and aircraft engines, a very high number of in-service loading cycles
can be experienced by components due to high loading rates or a very long life with low loading frequency [5-7]. The
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Nomenclature

AT[2 shear stress amplitude

N¢ number of cycles to failure

op fatigue strength under tensile loading
Tp fatigue strength under torsion loading
UTS ultimate tensile strength

HVso0  Vickers hardness with a load of 500 g

analysis of in-service loads for aeronautical applications [8,9] has shown that the fatigue life of compressor blades may reach
more than 10° cycles (i.e. the very-high cycle fatigue (VHCF) regime). This fatigue regime has been under investigation since
the beginning of the nineties [10,5]. In particular, the VHCF properties of structural materials have been investigated under
axial push-pull loads, and different testing systems have been developed to reproduce different in-service loads and
stress—strain conditions [11-13]. In recent years, VHCF investigations of metals under torsional loading conditions have
become a subject of interest in the scientific community [13-15].

Results of ultrasonic fatigue tests on high-strength aluminum alloys have shown that torsional fatigue cracks in the VHCF
regime have a qualitative similarity with crack in the HCF regime [12]. It was shown that crack initiation under torsion is
located at the surface of specimen. The first stage of crack growth is found in the plane of maximum shear stress with
the subsequent formation of a circumferential crack. However, a few years later, it was shown that under torsion loads in
the VHCF regime subsurface cracks may also appear if the material contains non-metallic inclusions [16]. In this reference
high-strength steel was studied up to a fatigue life of 10° cycles. For the case of surface initiation, the fatigue failure surfaces
of 100Cr6 steel specimens show that, as in HCF, a typical “factory roof” pattern is observed [2,17]. ‘Factory roof’ pattern is a
specific fracture surface morphology that is formed due to simultaneous torsion crack growth on several perpendicular
planes. However, in the case of subsurface crack initiation, the initiation mechanism is more similar to uniaxial push-pull
fatigue. In this case a “fish-eye” pattern is formed around an elongated non-metallic inclusion. The torsional fatigue crack
does not show any significant branching and the “factory roof” failure surface is absent. For example 38MnSV5S steel shows
surface crack initiation on the plane of maximum normal stress (45° to the specimen axis) [ 18] with subsequent propagation
in an inclined plane (with respect to the specimen axis). There is also a tendency for the cracks to turn back to the plane
experiencing the maximum shear stress.

No VHCF data concerning titanium alloys loaded under ultrasonic torsion is available in the literature. However, the study
of Ti-alloys in torsional fatigue in the VHCF regime is a very interesting subject, because titanium is a defect free metal (with
no inclusion or porosity) which has a relatively complex microstructure that may produce internal crack initiation, as seen in
uniaxial push-pull fatigue [19-21]. The present paper is focused on the study of crack initiation mechanisms in the aeronau-
tical titanium alloy VT3-1 under ultrasonic torsion in VHCF (10°-10° cycles). Two main questions are discussed: (1) do VHCF
torsion loads produce internal crack initiation in the VT3-1 titanium alloy? (2) are fatigue crack initiation and early stage
crack growth in the VT3-1 alloy loaded in torsion similar to those observed for uniaxial push-pull loading conditions?

2. Experimental details and procedure
2.1. Materials

The material investigated in this work is the two phase (o + ) titanium alloy VT3-1. This alloy is similar to the Ti-6A1-4V
alloy and is commonly used in the Russian aircraft engine industry. Its standard chemical composition is presented in Table 1
(a detailed composition for the extruded and the forged VT3-1 alloys can be found in [13]).

Two sets of specimens were used. The first set was machined from a real compressor disk of Tu-154 aircraft engine D30,
(see Fig. 1a). This disk was produced by forging and was used in service for 6000 flight cycles (takeoff-landing). An estima-
tion of in-service time is approximately 18,000 h. After having been taken out of service, the compressor disk was examined
by two non-destructive techniques (NDT): (i) ultrasonic NDT and (ii) alternating current field measurement. The aim of these
methods is to detect cracks. The typical detectable crack length is 50 pum for ultrasonic NDT and about 5 mm for alternating
current field. The results of these analyses did not show any noticeable fatigue damage due to the in-service loads and the
disk was used to machine the ultrasonic fatigue specimens. The second set of specimens was machined from virgin extruded
bars (Fig. 1b), produced by the “All Russian Institute of Light Alloys” with respect to their national standards [22]. The heat
treatment of these bars was performed to obtain a fully lamellar microstructure (see Fig. 2) and mechanical properties close
to those of the forged VT3-1 alloy, (see Table 2).

The geometry of the ultrasonic torsion specimens is the same for the two alloys and is shown in Fig. 1c.

The mechanical properties of these two materials were obtained via monotonic quasi-static tensile tests on flat specimens
with a length of 75 mm and a thickness of 1 mm. The tests were conducted with a displacement rate of 0.075 mm min . The
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Table 1

Standard chemical composition of the VT3-1 titanium alloy (weight% with Ti as the balance).
Fe C Si Cr Mo N Al Zr (6] H
0.2-0.7 <0.1 0.15-0.4 0.8-2 2-3 <0.05 5.5-7 <0.5 <0.15 <0.015

lMsl
|
m

0.5x45°

22.3 AD.02]

Fig. 1. Origin of the VT3-1 titanium alloy specimens, (a) compressor disk, (b) extruded bars and (c) the ultrasonic torsion specimen geometry, all the
dimensions are in mm.

resulting mechanical properties are listed in Table 2. The dynamic modulus was determined at 20 kHz using a smooth
cylindrical specimen. The extruded titanium alloy has slightly higher mechanical properties compared to the forged one,
except its maximum elongation which is more than two times higher.

Fig. 2a and b shows the microstructure of the forged and extruded alloys respectively. At the grain-size scale these alloys
have a similar fully lamellar microstructure with elongated alpha-platelets. However, the platelet size in the forged alloy is
larger (with a width of approximately w =~ 2 pum and a length of [ ~ 10-15 pum) compared to the extruded alloy (w ~ 1 pm
and | ~ 2-3 pm). At the macroscopic scale the microstructure of the extruded titanium alloy is more homogeneous compared
to the forged alloy (except some zones in the core of the bar). The microstructure of the forged titanium contains large zones
of length up to several hundred micrometers with similar platelets morphology and crystallographic orientation. These
zones have been observed in forged Ti-alloys and referred to as ‘macro-zones’ [23,24].

The micro-hardness of the two materials is approximately the same: 364 HV5q( for the forged alloy and 373 VHsqg for the
extruded VT3-1 alloy. Micro-hardness measurements were done in a plane perpendicular to the longitudinal axis of the
specimen along one diameter. The results show significant scatter for the forged alloy (see Fig. 2c). The observed difference
between the min and max values is 44 HVsqg for points spaced 1.2 mm apart. For the extruded alloy this difference is less
than 5 HVsqp (see Fig. 2d). This result can be associated with the difference microstructures observed for the forged and
extruded alloys. Indeed, the micro-hardness is lower in the macro-zones because the platelets have a similar crystallographic
orientation. The existence of “macro-zones” in the forged VT3-1 microstructure explains the large scatter observed in the
micro-hardness values.
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Fig. 2. Microstructure of the two VT3-1 alloys, (a) forged, (b) extruded and micro-hardness profiles along one diameter of the specimen cross section, (c)
forged, (d) extruded.

Table 2
Mechanical properties of forged and extruded VT3-1 titanium alloys.
Process Young’s modulus, UTS Yield stress Maximum elongation Volumetric mass Dynamic modulus
(GPa) (MPa) (MPa) (%) (kgm~3) (GPa)
Forged 114 989 960 6 4500 116
Extruded 106 1107 1050 13 4500 110

2.2. Experimental details

Torsion fatigue tests were carried out on specimens, designed according to ultrasonic concepts applied to torsion [5,13]
and taking into account the dynamic elastic properties of the materials at 20 kHz (Table 2). The specimens made from forged
VT3-1 were cut from the rim part of the compressor disk. Their longitudinal axis was parallel to the rotation axis of the disk
(Fig. 1a). The specimens made from extruded VT3-1 were machined from bars as illustrated in Fig. 1b. The geometry of the
specimens is illustrated in Fig. 1c. The working section of these specimens was carefully mechanically polished with SiC
paper from grades 600 to 1000.

Fatigue tests were carried out continuously (without pulse-pause) by using an in-house designed ultrasonic torsion
system [13] up to fatigue failure or the run out limit of 10° cycles. The ultrasonic torsion testing machine is a resonance
system based on a direct torsion piezoelectric converter that produces pure rotation. The system is continuously controlled
by computer with high-performance feedback. Such high-quality control method allows an automatic detection of fatigue
crack initiation by a resonance frequency drop of 4%. All tests were performed at room temperature with permanent cooling
via a compressed dry-air jet. An infrared camera was used to monitor the surface temperature of certain specimens during
the fatigue tests. The result shows that there is not a significant self-heating effect for either the forged or the extruded VT3-1
titanium alloys under ultrasonic torsion loads [13]. The calibration of the testing system was carefully carried out using an
instrumented specimen. A strain gauge was glued on the specimen surface and a Vishay conditioning device (2210 type)
with a large bandwidth (up to 100 kHz) was used. The results highlight a perfectly linear relationship between the voltage
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applied to the piezoelectric converter and the measured strain amplitude. Fatigue crack initiation was detected by
monitoring the resonance frequency drop. After each test the existence of a crack was verified with an optical microscope.

After cyclic loading and crack detection, each cracked specimen was broken in half using the following procedure. As pre-
viously discussed, titanium is a ductile material and significant plastic deformation may lead to the destruction (or damage)
of the failure surface, if the specimen is simply broken by applying a tensile load. In order to minimize this risk the uncracked
part of the specimen section was cut by wire electro-erosion. The electro-erosion wire was placed beside the fatigue crack so
that surfaces of the crack lips are in the same plane as the wire (the specimen was typically inclined at 45° with respect to its
longitudinal axis). After reducing the uncracked cross section of the specimen, it was cooled by immersion in liquid nitrogen
and then subjected to a sharp shock in a direction so as to open the crack. The fatigue failure surfaces of all specimens were
observed by scanning electron microscopy (SEM). Particular attention was paid to identify the crack initiation mechanisms.

3. Results
3.1. S-N curves for forged and extruded VT3-1 Ti-alloy

The fatigue test results (see in Appendix A) for both the forged (Fig. 3a) and the extruded (Fig. 3b) titanium alloys show
that fatigue failure under pure torsion loads may occur well beyond 107 cycles. In spite of the limited number of tested
specimens it is possible to plot a curve fitting the results in the S-N diagram. The experimental data were treated by leas
square method to obtain all the fitting lines without taking into an account the run out specimens. It can be seen that
the torsional fatigue strength of the extruded titanium alloy is higher than the forged one. This is in good agreement with
the mechanical properties of these alloys determined via monotonic quasi-static tensile tests (see Table 2). Note that the two
S-N curves have a high slope in the VHCF regime. The decrease in the fatigue strength with the number of loading cycles is
more pronounced for the torsional loading mode compared to the results of uniaxial tension-compressing tests [25].

3.2. Crack paths observed on the specimen surface

Initial observations were carried out on the surface of the specimens (see Fig. 4). Fatigue cracks observed on the specimen
surface have two clear stages for both the forged and the extruded materials. The first stage of crack propagation is observed
on a plane experiencing the maximum shear stress amplitude, i.e. the planes perpendicular or parallel to the specimen’s
longitudinal axis. The second stage is when the crack becomes longer, it bifurcates to propagate in Mode I on the plane(s)
of maximum normal stress (i.e. on planes having an angle of 45° with respect to the specimen’s longitudinal axis).

For the two materials the main crack propagates on the plane of maximum normal stress up to the final length
corresponding to the end of the test. Nonetheless, several bifurcations onto the maximum shear stress planes were observed
even for long torsion cracks (see Fig. 4). The crack path for the extruded titanium alloy is less perturbed compared to the
crack path on the forged material. In this case several parallel cracks can be observed on planes experiencing the maximum
normal stress (see Fig. 4). Crack growth under torsion loads appears to be quite sensitive to the material microstructure.
Indeed via comparing the surface crack path of the extruded and forged titanium alloys it can be seen that crack branching
is more frequent in the forged titanium alloy which has a less homogeneous microstructure compared to the extruded alloy.
In the forged alloy the crack path due to torsion loads is more tortuous (“zigzag like” due to alternative bifurcation between
mode | and mode II propagation). Furthermore, it should be noted that macroscopically, crack growth in the plane of
maximum normal stress may be found in a single plane, as well in two perpendicular planes at the same time (X-type cracks,
see Fig. 4). This is similar to the HCF regime observed for many metals [26].

3.3. Crack initiation mechanism

Observations of the fatigue failure surfaces (after opening the specimens) have shown that both surface and subsurface
crack initiation is possible for both titanium alloys under investigation. This result is very important in torsion because
internal crack initiation is observed despite the fact that the maximum shear stress is located at the surface of the specimen.
The transition from surface to subsurface crack initiation was found to occur at approximately 102 cycles for both alloys.

3.3.1. Surface crack initiation

For the case of surface crack initiation, macroscopically the final crack front on the failure surface has an elliptical shape
on the plane of maximum normal stresses, as per the HCF regime. The smaller axis of the ellipse is always orientated toward
the centre of the specimen for both the forged and extruded titanium alloys (see Fig. 5a and b). The failure surface for the
extruded titanium alloy is less rough compared to the forged material. The crack path in the forged titanium alloy has a very
complex morphology due to the non-homogeneous microstructure that makes it difficult to clearly define the transition
between different crack propagation stages. However for the case of the extruded titanium alloy with a more homogeneous
microstructure three clear stages of crack propagation can be highlighted: (1) small crack growth in a plane of maximum
shear stress, (2) crack growth in a plane of maximum normal stress, with the formation of a quasi-flat failure surface covered
by fretting debris, (3) and crack branching under mixed mode loading (I +II + IlII) with the forming of several cracks in
alternative planes (perpendicular to the main crack propagation plane).
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Ultrasonic torsion fatigue data at 20 kHz on forged VT3-1 titanium alloy Ultrasonic torsion fatigue data at 20 kHz on extruded VT3-1 titanium alloy
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Fig. 3. SN-curve for (a) forged and (b) extruded VT3-1 titanium alloy under torsion in VHCF regime.
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Fig. 4. Surface crack path (optical microcopy) on (a) extruded and (b) forged VT3-1 Ti-alloy.

The zone of first stage crack growth is very small and limited by several tens of micrometers, (Fig. 5¢ and d). Moreover,
due to the Mode II cracking this first zone is significantly destroyed by shear and friction, which makes it impossible to deter-
mine a specific feature of the microstructure at the origin of the crack initiation. This first zone is surrounded by separated
areas with a crumpled failure surface that are formed due to contact at the crack edges. The same zones, destroyed by contact
because of the fully reversed loads, were observed on the forged titanium alloy. The crumpled zones are located at a distance
of about 100 pm from the crack initiation site. Note that the non-crumpled failure surface is covered by small spherical par-
ticles that are mainly located in individual dimples as it can be seen later. Beyond the crack initiation area with the crumpled
zones, the torsion crack propagates on a plane of maximum normal stress with the formation of a quasi-flat surface with
slight perturbation by ‘river-marks’. Far from the crack initiation site, at a distance of about 300-400 pum, an initial crack
branch appears that can be seen as “river-like” marks on the failure surface, (Fig. 6).

These branches are visible all along the crack front as inclined “wings”. These features of failure surface morphology are
formed due to crack propagation in a series of parallel planes, orientated at 45° with respect to the specimen longitudinal
axis. They show that active torsion crack branching can be observed in the bulk of material and not only at the specimen
surface. These “torsion wing” marks are visible up to the final crack front when the fatigue test was stopped.

Please cite this article in press as: Nikitin A et al. Comparison of crack paths in a forged and extruded aeronautical titanium alloy loaded in
torsion in the gigacycle fatigue regime. Engng Fract Mech (2016), http://dx.doi.org/10.1016/j.engfracmech.2016.05.013



http://dx.doi.org/10.1016/j.engfracmech.2016.05.013

A. Nikitin et al./ Engineering Fracture Mechanics xxx (2016) XxX—-xxx 7

{ 2 2 & :
zooum WD =17.0mm IProbe= 108pA Date:3Jan2014  State Centre WD = 11.5mm IProbe= 108pA Date 21 Feb2014 State Centre

EHT=2000kv  Signal A= SE1 PhotoNo.= 7047  for Flights Safety 1 ENT=2000kv  SignalA=SEY PhotoNo.= 7285 for Flights Safety
e

| { Stage st X = 5278200 _ Stage atY = 38 265 mm = 155% Stoge X s &) 308w StoeatYA6TTTrNn  Maye 86X

WO=190mm  IProbe= 108pA  Date 27 Dec 2013 State Centre
EHT=2000kv  Signal A= SE1 Photo No. = 6866 for Flights Safety — MM.:Y::OO for Flights Safety =
Stage #1X 553 170 mm  Stage &Y = 38 852 mm 9w 148K X R ~ g

20 ym
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Fig. 6. ‘River-like’ marks for surface initiation in the extruded titanium alloy (a) overview of the failure surface and (b) zoomed view at the beginning of
branching.

3.3.2. Subsurface crack initiation

For the case of subsurface crack initiation the shape of the final macroscopic crack front also has an elliptical shape on the
plane of maximum normal stress, as per surface crack initiation. The small axis of this ellipse is also orientated toward the
center of the specimen for the two titanium alloys (see Fig. 7(a and b)).

The orientation of the torsion cracks is different from that observed for subsurface cracks in high-strength steel loaded in
ultrasonic torsion, in which the small axis was orientated parallel to the specimen surface [14]. In the investigated titanium
alloys the crack initiation site is located in the bulk of the material at a distance of approximately 200 pm from the specimen
surface. Subsurface crack initiation produces a clear “fish-eye” pattern on the failure surface. The “fish-eye” pattern is clearer
for the extruded titanium alloy compared to the forged material. For the forged alloy the morphology of the failure surface is
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Fig. 7. Fatigue failure surfaces with subsurface crack initiation: macroscopic view for (a) forged and (b) extruded Ti-alloy, and zoomed views of the crack
initiation area for (c) forged and (d) extruded alloys.

more perturbed by the microstructure. Nonetheless, three different zones related to subsurface crack growth can be
observed on the fracture surface for both forged and extruded titanium alloys: (1) a zone of internal crack initiation and early
growth on a plane of maximum shear stress, (2) the subsurface stage of the torsional fatigue crack propagation and (3) a
rough failure surface zone where the torsion crack reaches the specimen surface. As previously discussed for surface crack
initiation the first zone is related to crack initiation and early growth (Stage I, mode II). The small crack then bifurcates into
mode I (stage II), like in the HCF regime. The size of the first zone is larger for the extruded titanium alloy compared to the
forged one. For some extruded specimens this size can reach up to hundred micrometers. In the case of the forged titanium
alloy this first zone is significantly smaller and does not exceed several tens of micrometers. This zone is damaged by friction
wear due to shear for the two alloys, which makes it impossible to identify any microstructural features related to crack
initiation. Close to this first zone small spherical particles are observed (Fig. 8d). Unlike the case of surface crack initiation,
for subsurface cracks these particles are located in elongated grooves (Fig. 8b). Similar spherical particles and grooves were
found in both materials for subsurface crack initiation.

A second remarkable feature of the failure surfaces for subsurface initiation is the clear transition from subsurface (zone
II) to surface (zone III) crack propagation (see Fig. 7a and b). The subsurface crack propagation stage produces a smoother
failure surface that is clearly seen as a “darker” area. When the torsion crack reaches the specimen surface the failure surface
becomes rougher and its color is clearer. “Torsion wings”, already observed for surface crack initiation were also observed for
subsurface crack initiation. It is important to outline that these “torsion wings” are formed during the subsurface crack prop-
agation stage and continue to grow when the torsion crack reaches the specimen surface. Nonetheless, branching is less
active in the case of subsurface crack initiation compared to surface initiation. This means that for subsurface crack initiation,
the growth of several cracks in 45° planes is also possible, but limited. It is interesting to point out, that for high strength
steel [16], a fracture surface with internal crack initiation does not show branching patterns (no 45° “wings”).

4. Discussion

This paper introduces the first detailed results concerning the fatigue behavior of titanium alloys under pure torsional
loads in the gigacycle fatigue regime. The analysis of the S-N curves (Fig. 3) has shown that the fatigue strength of the
extruded VT3-1 alloy is approximately 50 MPa greater than the forged titanium alloy whereas the S-N curve slops are almost
the same for the two alloys. No “run-out” result were obtained for the forged titanium alloy while for the extruded material
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Fig. 8. Spherical particles in the case of (a) surface (b) and subsurface crack initiation.

several not-failed specimens were obtained with a shear stress amplitude of At/2 = 246 MPa. For the forged VT3-1 titanium

alloy a longer fatigue life of Ny = 1.93 x 108 cycles, was obtained for an applied shear stress amplitude of At/2 = 212 MPa.
Unfortunately there are no other results of torsion VHCF tests on titanium alloy in literature. Consequently in order to com-
pare our results with data available in literature [5] we have to use an equivalent stress. Some authors have shown [27] that
Von-Mises equivalent stress could be use to compare torsion and tensile results in HCF. By using the Von-Mises equivalent
stress, our results can be compared to uniaxial push-pull results for the forged Ti-6246 [5] obtained at 20 kHz. Uniaxial ten-
sile fatigue strength of the Ti-6246 alloy at 10° cycles varies from o = 325 to 490 MPa depending on the microstructure.
Thus, as a first approximation by assuming the Von Mises relation is valid for the gigacycle fatigue strength, the expected
range for the fatigue strength at 10° cycles in torsion is T, = 187 to 283 MPa. This is in good agreement with the results
of this study on VT3-1 titanium alloy. Furthermore, comparing the VHCF results in torsion with previously obtained
push-pull results on forged [28] and extruded [29] VT3-1 titanium alloys [25] it can be shown that the slope of the S-N
curves in torsion is greater than the slope for uniaxial push-pull loads for the two alloys. This means that VT3-1 titanium
is more sensitive to the shear stress amplitude than the normal stress amplitude.

The observation of torsion cracks on the specimen surfaces has shown that the first stage of crack growth is on the plane
of maximum shear stress. This is typical for ductile metals. In the case of two-phase « + f titanium alloys the hexagonal
alpha-phase has a higher capacity to accommodate plastic sliding than the beta phase (BCC). Therefore, at the very first stage
of fatigue crack initiation and early growth, when the crack length is about the same order of magnitude as the grain size,
fatigue damage accumulation is determined by the capacity of alpha-phase to plastically deform. Thus, the VHCF fatigue
resistance of titanium alloys under torsion loads can be significantly dependent of the features of alpha-platelets (geometry,
orientation, clustering and etc.)

SEM observations on fracture surface show surface and subsurface crack initiations in the two materials. For the forged
titanium alloy as well as the extruded VT3-1 alloy, the crack initiation site is found in the plane of maximum shear stress
regardless the initiation mode. These planes are covered by spherical particles occurring in individual dimples. The spectral
analysis of these spherical particles shows that they have the same chemical composition as the titanium alloy. The
geometry of the dimples, where these particles are located, shows that there was no significant relative linear displacement
of the crack lips during the formation of the particles (see Fig. 8a). Indeed, the shape of dimples is close to a hemisphere. The
mechanism of formation of these particles seems to be similar to that proposed by A. Shanyavskiy [30] for bi-axial loads.
Under torsion loads small modifications to the proposed mechanism [30] should be made as illustrated in Fig. 9.
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Fig. 10. Subsurface crack initiation with “fish-eye” failure surfaces in torsion, (a) the extruded VT3-1 alloy and (b) the forged alloy.

The main idea behind the explanation is the local contact between the crack lips on the local plane (at meso-scale) of
maximum shear stress when the long fatigue crack propagates under tensile stresses on the macroscopic plane experiencing
the maximum normal stress. Due to the local loading conditions, the spherical particles are formed under a mixed mode
(Il + IIT) loading condition. The relative opening displacement of the lips in contact is limited and the cyclic loading produces
particles formed in individual dimples (similar to fretting fatigue). The destruction of the crack initiation site by the
previously described mechanism makes it impossible to study in detail the surface crack initiation mechanism in the
VT3-1 titanium alloy under VHCF torsion loads. Concerning subsurface crack initiation, the crack initiation sites are usually
located at a distance of about 200 pum from the surface for the two titanium alloys. Moreover, for the forged titanium alloy it
appears that the subsurface crack initiation site can be observed at different distances from the surface. The perturbed failure
surfaces do not allow the confirmation of this, but some elements of the failure surface morphology make the assumption
possible. It is clearly seen from the failure surfaces of the extruded titanium alloy, that the color of the failure surface is not
the same for the subsurface and the surface crack propagation stages. The darker color is for subsurface crack propagation
stage. As can be seen in Fig. 10 two zones with different colors can be distinguished.

One zone surrounds the surface crack initiation site, which is on a plane of maximum shear stress and a second darker
zone can also be seen. This zone is defined by the dotted red line in Fig. 10. The second zone is surrounding a feature of the
fracture surface that is similar to that found for subsurface crack initiation in the forged VT3-1 alloy. This implies that for the
forged titanium alloy, the complex structure containing macro-zones can have a very strong influence on crack initiation in
torsion. For the case of subsurface crack initiation, the crack opening displacement is limited and the areas close to the crack
initiation zone remain in contact during fatigue crack growth. This can be clearly seen on the failure surface where spherical
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Fig. 12. Incremental fatigue crack propagation marks observed by SEM (a) in secondary electron mode and (b) observed at the same location in back
scattered electron mode.

particles still exist (similar to the crack initiation zone) but they are located in elongated grooves (Fig. 8b). The groove
geometry indicates that spherical particles were formed in the presence of important relative linear displacement between
the crack lips. Like in the crack initiation zone, these particles have the same chemical composition as the VT3-1 titanium
alloy.

Far from the crack initiation site, where the failure surface is destroyed by friction, the morphology of the crack path is
clearer and subsurface branching can be detected. For both titanium alloys branching starts before the internal crack reaches
the specimen surface. This result is different from the result obtained for the Ti-6AI-4V alloy in the HCF regime by Shiozawa
et al. [31].
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In reference [31] fully reversed torsion fatigue tests were carried out on the Ti-6AI-4V titanium alloy in the HCF regime at
a loading frequency of 10 Hz. It was shown that in HCF a torsion crack first grows in the depth of the material and afterwards
it branches at the surface without growing deeper. In the case of ultrasonic torsion testing on the VT3-1 titanium alloy the
crack tip position versus the number of cycles was not monitored and the crack shape was reconstructed based on the failure
surface pattern. SEM observations show that “torsion wings” appear before any modification of the failure surface roughness.
These can be seen as a slight difference in the color of the failure surface. “Torsion wing” marks are formed as a result of the
competition between cracks growing onto two planes of maximum normal stress. The interaction of two cracks growing in
two perpendicular planes forms an inclined plane on the global macroscopic failure surface. This mechanism is similar for
surface and subsurface crack initiation.

After crack branching, a very clear transition from the subsurface to the surface propagation regime can be outlined on
the failure surface. This transition is characterized by a clear difference in the color of the surface. When the internal crack
front reaches the specimen surface the stress intensity factor increases significantly. Consequently the shape of the crack
front changes quickly (surface crack propagation is quicker than propagation in the bulk of the material). This is confirmed
by SEM observations showing that some subsurface small cracks were growing from the bulk material toward the surface of
the specimen (Fig. 11). This can be concluded based on the analysis of certain marks on the failure surface (see Fig. 11d).
These marks are not alpha-platelets of the VT3-1 alloy; this was deduced from SEM image taken in the back scattered elec-
tron mode at the same location (see Fig. 12).

These marks were formed as a result of incremental torsional crack growth. Similar zones showing incremental crack
propagation marks were found in other locations. They show the crack propagation direction “from the bulk toward the sur-
face” (see Fig. 11).

5. Conclusion and prospects

Based on experimental results obtained at 20 kHz under pure ultrasonic torsion in the gigacycle fatigue regime, the fol-
lowing conclusions can be made:

(1) The S-N curves of the VT3-1 titanium alloy loaded in torsion (R = —1) have a more significant slope, compared to the
results published for fully reversed tension. The Von Mises equivalent stress seems to be suitable for linking the tensile
and torsional VHCF strengths for the forged, but not for extruded VT3-1 Ti-alloys. Regardless of the manufacturing
process (forging or extrusion) both surface and subsurface crack initiation was observed. Subsurface crack initiation
was observed for specimens that failed at greater fatigue lives. The transition from surface to subsurface crack initi-
ation was found to occur later than the transition observed for uniaxial push-pull loads: about 108 cycles for torsion
and 10° cycles for uniaxial loads. “Fish-eye” failure surfaces were observed for torsion loads in the VHCF regime, sim-
ilar to those often reported in the literature for the uniaxial loading condition.

(2) Qualitatively, failures generated under torsional loads in VHCF are similar to the HCF results, except there is the addi-
tional possibility in VHCF regime of internal cracks (fish-eye even without inclusion) and the possibility to branch.

(3) Asort of branching ‘threshold’ or critical crack length can be found on the failure surface, beyond which a torsion crack
shows several branches to another 45° plane of maximum normal stress. Concerning internal cracks, initiation and
early crack growth is in Mode II like in the HCF regime but at the surface. Bifurcation and growth onto a plane of max-
imum normal stress occurs before the crack reaches the specimen surface. Further crack growth occurs along the spec-
imen surface.

Additional investigations should be carried out on other titanium alloys to determine if the proposed conclusions can be
generalized to other Ti-alloys.

Appendix A

Results of ultrasonic torsional fatigue tests on forged VT3-1 titanium alloy

Specimen number  Shear stress amplitude (MPa) Nb of cycles  Crack initiation location (surface or subsurface)

Forged 1 254 3.96 x 10° Surface
Forged 2 242 3.37 x 10° Surface
Forged 3 230 9.22 x 107 Surface
Forged 4 224 1.13 x 108 Subsurface
Forged 5 212 1.93 x 108 Subsurface
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Results of ultrasonic torsional fatigue tests on extruded VT3-1 titanium alloy

Specimen number  Shear stress amplitude (MPa) Nb of cycles  Crack initiation location (surface or subsurface)

Extruded 1 271 8365 x 10°  Surface
Extruded 2 283 3.17 x 107 Surface
Extruded 3 265 7.357 x 107 Subsurface
Extruded 4 296 9.05 x 107 Subsurface
Extruded 5 283 1211 x 108 Subsurface
Extruded 6 283 1.786 x 108 Subsurface
Extruded 7 256 1.837 x 108 Surface
Extruded 8 271 2.819 x 108 Subsurface
Extruded 9 271 1.37 x 10° Subsurface
Extruded 10 246 1.364 x 10° Run out
Extruded 11 246 2114 x 10°  Run out
Extruded 12 258 1.255 x 10° Run out
Extruded 13 258 1.378 x 10°  Run out
Extruded 14 258 1.758 x 10° Run out
Extruded 15 271 1.367 x 10°  Run out
Extruded 16 230 1.28 x 10° Run out
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