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A B S T R A C T

Ultrasonic fully reversed tension fatigue tests have been performed in the Very High Cycle Fatigue (VHCF)
regime (𝑁𝑅 > 107 − 108 𝑐𝑦𝑐𝑙𝑒𝑠) on Ti-6Al4V specimens containing a controlled internal notch. Two sets
of samples have been used. The first one contains a central chimney along the specimen longitudinal axis
which brings air to the internal notch; in the second series the notches are not connected to the surface.
The microstructure present below the fracture surface of the broken specimens has been studied by electron
microscopy (EBSD, TKD and TEM). The formation of nanograins and nanovoids was observed below the surface
of the cracks growing in a vacuum environment but not below the surface of cracks connected with ambient
air. In the latter case extensive striations were observed. Below each striation the formation of tensile {101̄2}
twins was observed.
1. Introduction

During fatigue at very low stress levels (typically less than 25% of
the yield stress with a number of fatigue cycles larger than 108 cycles)
the failure of metallic specimens is generally due to the propagation of
an internal crack. In this case, a circular region, called Fish-Eye (FE),
can be observed on the fracture surface around the initiation site. A
so-called Rough Area (RA) is observed within the FE region; the name
of this region varies according to authors and to the type of material
studied as explained in [1].

In the Ti-6Al-4V alloy studied here, SEM observations within the
RA show some facets scattered within large zones with a granular
aspect [2–4]. The normals of the facets appear roughly aligned with the
𝑐 -axis of the Hexagonal Close Packed (HCP) structure of the 𝛼 phase,
which is predominant in Ti-6Al-4V . For example, Pilchak et al. [5] have
shown, using EBSD measurements, that the angle between the facet
normals and the 𝑐 -axis is comprised between −20◦ and 40◦. The texture
of the material seems to have an influence on the plane of the facets:
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1 (i.e. The majority of grains with their prismatic {101̄0} planes aligned with the loading direction)

in Ti-6Al-4V wires with a strong prismatic texture,1 Evenaerts et al. [6]
have observed in the RA an important majority of facets not parallel to
the basal plane but to the prismatic planes of the HCP structure.

The formation of the granular region between the facets seems
strongly correlated to the presence of vacuum at the crack tip (which
is assumed in the presence of an internal crack): Oguma et al. [4]
have shown in Compact Tension (CT) specimens that the granular
regions observed for long cracks grown in vacuum disappear in the
presence of air, quasi cleavage facets replacing the granular area.
Similar observations have been made by Yoshinaka et al. [7] in the
case of small (below 1 mm) surface cracks: when a 10−6 Pa pressure
(High Vacuum condition) is applied around the specimens a ‘‘granular
and rounded’’ aspect is observed close to the initiation site on the crack
surface. In presence of atmosphere, the authors observe an ‘‘angular
and sharp’’ zone close to the initiation site surrounded by a ‘‘larger flat
striated zone’’.
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Fig. 1. Graphical summary of the fractographic features observed in Ti-6Al-4V specimens with internal defects. (a) sample without chimney: a fine granular region containing
crystallographic facets around the notch (b) sample with chimney: a faceted region (which appears dark in the optical microscope) is observed close to the notch; it is surrounded
by a relatively flat region (which appears bright in the optical microscope) containing extensive striations (adapted from [16]). The location of the chimney (with a triangular
cross section) within the sample is indicated by the red dot line/triangle.
Within the granular regions of the RA, underneath the fracture
surface, the presence of small grains has been reported several times
in steels [8–10] and also in Ti alloys first by Heinz [11], then, in more
detailed studies, by Su et al. [12] and Chang et al. [13] using TEM
observations.

Several mechanisms have been suggested to explain the presence of
the small/nano grains. In steels, the presence of inclusions (carbides)
or of hydrogen contained in the inclusions is thought to be responsible
for the formation of the small grains by different researchers [14,15].
For Ti alloys and also for steels a so-called Numerous Cyclic Pressing
(NCP) model has been proposed by Hong’s group [1]. It states that the
repeated pressing between the crack surfaces during fatigue cycling can
lead to the formation of a nanograin layer immediately below the crack
lips. Also for Ti alloys, and because the Fine Grain Area is only observed
for specimens cycled in vacuum and not in air, Oguma & Nakamura [4]
have suggested a mechanism of cold-welding occurring between the
two lips of an internal crack.

In a previous paper [16] Synchrotron X-ray tomography was used
to characterize the propagation of small (below 1 mm in diameter)
internal fatigue cracks initiated from artificial defects in Ti-6Al-4V spec-
imens during ultrasonic fatigue tests leading to very long fatigue lives.
Due to the presence of a chimney (with a cross section of about 20 μm
× 250 μm) connecting the internal artificial defect to the laboratory air
(see Fig. 1b), the internal cracks were growing either in vacuum or
in air leading to very different growth rates and fracture surfaces. For
the internal cracks growing in vacuum (and with a slow growth rate)
the typical facets scattered within the granular regions were observed
while for the cracks growing with some connection with air (large crack
growth rates), a highly faceted region surrounded by quasi cleavage
facets showing extensive striations was observed close to the defect (see
Fig. 1).

The present paper complements this initial work [16] and goes
deeper into the analysis of the deformation mechanisms at the crack
tip by characterizing the microstructure of the material immediately
beneath the fracture surface in the regions corresponding to the first
stages of growth in presence of vacuum or of air. By analyzing trans-
verse sections taken perpendicular to the average crack plane it was
found that the environment has a major influence on the crack tip
deformation processes occurring during the propagation of the internal
cracks.

2. Material and experimental method

The material, specimens, fatigue machine and test protocol have
been described in detail in [16,17]. In the following text, only the most
relevant points are highlighted.
2 
Table 1
Chemical composition of the studied Ti-6Al-4V (mass %).

Al V Fe O C N H Y Ti

6.43 4.10 0.15 0.18 0.01 0.004 0.004 <0.001 Bal.

2.1. Material

The studied material is a Ti-6Al-4V alloy bought from the Timet
company in the form of a 15 mm thick plate. Its chemical composition
is given in Table 1. After hot rolling at 750 °C an equiaxed microstruc-
ture is observed at the center of the plate (where the specimens are
extracted) with small Body Centered Cubic (BCC) 𝛽 regions located
at the boundaries of large Hexagonal Close Packed (HCP) 𝛼 regions
(surface fraction ∼ 94 %). The average 𝛼 grain size determined from
area fraction measurement in Electron Backscatter Diffraction (EBSD)
maps is 10 ± 1 μm.

EBSD analysis of the microstructure in the gauge length of the
fatigue specimens has revealed the presence of macrozones which can
be visualized in Fig. 2. Within those zones, a large number of grains
have their 𝑐 -axis parallel to the rolling direction (Z direction in the
figure) or to the Rolling Transverse direction (Y direction in the figure).
This is a classical microstructure inherited from the hot rolling process
in this type of material [18].

2.2. Fatigue specimens and ultrasonic tests

The tested fatigue specimens contained artificial internal defects
(notches); they were produced by SPS diffusion bonding of two plates
as explained in [19,20]. For some specimens, a narrow chimney parallel
to the specimen axis (chimney) linked the notch to the surface of the
specimen and allowed ambient air to reach the internal defect and, after
crack initiation, the crack tip via the notch.

X-ray tomography is, for the moment, the only technique which
can provide direct images of cracks growing in the bulk of metallic
materials during in situ loading (see for example [21] for a review).
In Ti-6Al-4V, synchrotron tomography has been used during in situ
interrupted fatigue tests for studying the propagation of natural internal
fatigue cracks [22,23] in the high cycle fatigue region of the S-N curve
(𝑁𝑅 < 107 cycles). For the work presented here, a dedicated ultrasonic
fatigue testing machine was used to enable X-ray tomography during
in situ tests at a synchrotron facility [24]. The specimens have been
cycled at 20 kHz with a loading ratio R = −1. The loading direction
is parallel to the rolling direction and perpendicular to the average
notch plane. During the tomographic scans the specimens were kept
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Fig. 2. Microstructure of the rolled sheet used in this study. The crystallographic
orientations are displayed on the faces of each cube following the color code of the
Inverse Pole Figure (IPF) and according to the orange lines direction on the cube edges.
The rolling process has created macrozones containing grains with their 𝑐 -axis in the
𝑌 and 𝑍 directions. A 5°misorientation is used.

under static load (80% of the stress amplitude) to hold the cracks open
and enhance their visibility in the reconstructed images. Depending on
the synchrotron beamline used, the scan duration varied between 5 to
10 min. Following the tests, the 3D crack shapes were extracted from
the reconstructed tomographic images, enabling the measurement of
growth rates along the crack front within the FE region.

For Paris curves, the effective SIF range 𝛥𝐾𝑒𝑓 𝑓 is used. it is approxi-
mated as 𝛥𝐾𝑒𝑓 𝑓 = 𝐾𝑚𝑎𝑥−𝐾𝑜𝑝 with 𝐾𝑜𝑝 = 0 MPa.

√

m (the opening load at
20 kHz cannot be measured). That means that no propagation has been
assumed during the compressive part of the cycle, no closure effect in
the tensile part and 𝜎𝑚𝑎𝑥 = 𝛥𝜎∕2 because of the fully reversed loading.2
Details on the crack thresholding procedure and on the 𝑑 𝑎∕𝑑 𝑁 =
𝑓 (𝛥𝐾𝑒𝑓 𝑓 ) curves calculation can be found in [16].

2.3. Post mortem analysis of the microstructure below the fracture surfaces

The fracture surfaces of the specimens with or without chimney
have been studied using scanning (SEM) and transmission (TEM) elec-
tron microscopy. The first of those two techniques has been used (i)
directly on the fracture surfaces to try to obtain the crystallographic ori-
entation of the facets observed within the RA [16] and (ii) on polished
sections perpendicular to the (average) crack plane and containing the
specimen longitudinal axis (loading direction). Two methods were used
to produce those sections: argon broad ion beam (BIB) milling using
an Ilion II cross polisher and Focused Ion Beam (FIB) machining in a
SEM. The first method provides a relatively ‘‘large’’ region (∼ 1 mm
long and 150 μm wide) containing between ten to twenty grains for
EBSD analysis. FIB machining produced an area with a smaller size
(20 μm deep) compensated by its small thickness (∼ 150 nm) which
allows high resolution orientation analysis in transmission mode either
in SEM (Transmission Kikuchi Diffraction technique, TKD) or in TEM
(JEOL JEM-2100 𝐿𝑎𝐵6).

2 𝜎 is the value of the longitudinal stress (averaged in the section) along
the sample axis in the absence of defect.
3 
Although EBSD has modernized materials characterization by pro-
viding local orientation and texture information, its spatial resolution
is limited by the size of the Back Scattered Electron (BSE) emission
volume (which depends on the accelerating voltage, the atomic number
of the target and its density). The lateral spatial resolution of the EBSD
technique is generally limited to around 50 nm [25]. The characteriza-
tion of nanocrystalline structures by EBSD is therefore compromised,
except for a few heavy elements. To improve the spatial resolution of
EBSD, another approach is to thin the specimen to a thickness less than
the maximum depth of BSE emission. Building on this original idea, the
past decade has seen the emergence of the TKD technique, which offers
a spatial resolution below 10 nm [26–28]. TKD is typically performed
at an accelerating voltage of around 30 kV. Under these conditions,
the transmitted diffracted signal mostly originates from the bottom
layers of the foil as demonstrated by Keller et al. [26]. Therefore,
the lateral spatial resolution of the TKD technique is not as fine as
that of techniques using Nano Beam Diffraction in TEMs [29]. Since
the emergence of the TKD technique, many applications have been
reported with an increasing interest and impact on the understanding
of materials science issues. Orientation mapping is currently the most
reported TKD application in the literature. The main purpose is the
characterization of grains and nano-grain structures [30] and deforma-
tion in metals and alloys [31–34]. In this work, EBSD and TKD data
were collected with a conventional off-axis detector geometry using an
Oxford Symmetry EBSD camera (with a CMOS-based commercial EBSD
detector, Oxford Instruments, High Wycombe, UK) on a Zeiss Supra 55
VP (Zeiss, Oberkochen, Germany) operated at 30 kV.

3. Results

3.1. Fatigue specimens without chimney

All the specimens containing an internal notch not connected with
ambient air failed from a crack initiated at the notch and with fatigue
lives shorter than those of un-notched specimen at the same stress
level as shown in Fig. 3. The 𝑑 𝑎∕𝑑 𝑁 = 𝑓 (𝛥𝐾𝑒𝑓 𝑓 ) curves are in very
good agreement with those obtained by Geathers et al. [35] on the
same material as shown in Fig. 4. Close to the notch, the fracture
surface exhibited the typical granular region containing some facets
with a crystallographic aspect (see Fig. 5). Two thin sections have been
extracted by FIB respectively under a facet and within the granular
region (see Figs. 6 and 7).

On the TKD images of Fig. 6c it can be seen that a unique grain is
present below a facet, even if the latter is not completely flat. With
this method of analysis, however, only the intersection of the facet
plane with the plane of the FIB foil can be determined but not the
crystallographic plane of the facet itself. Two other methods have been
used to try to determine the crystal indices of the facet normals: (i)
the quantitative tilt fractographic method used by Sinha et al. [36]
and based on [37] and (ii) direct EBSD measurements on the facets
within the fracture surfaces. The results obtained on nearly ten facets
and summarized in [17], did not show a unique direction for the facets
normals. In our case, however, both methods suffered from relatively
large experimental uncertainties due to the very small size of the facets
and the accuracy of specimen positioning in the SEM.

The microstructure below the fracture surface within the granular
region is shown on Fig. 7. On this figure the TKD technique reveals
a micrometer thick layer (1 μm to 2 μm) containing some very small
grains with a typical size ranging from 0.15 μm to 1 μm. This size is 10 to
100 times smaller than the average grain size of the original material.
This suggests, therefore, that the presence of those grains might be
due to the cyclic loading and to the presence of the fatigue crack as
already mentioned in this material [1]. As can be seen on Fig. 7, the
size of these small grains is not uniform and no preferred location of
the smaller grains immediately beneath the fracture surface has been
observed. Within this region of nanograins some nanopores were also
observed (Figs. 7e and 7f.)
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Fig. 3. SN curves (from [16]). The samples studied in this work are shown by arrows.
Fig. 4. Propagation curves for cracks propagating in vacuum and in air.

3.2. Fatigue specimens with chimney

All the specimens containing an internal notch connected with
ambient air failed from a crack initiated at the notch with fatigue
lives shorter than those of the notched specimen without a chimney
at the same stress level as shown in Fig. 3. The crack growth rates
𝑑 𝑎∕𝑑 𝑁 = 𝑓 (𝛥𝐾) curves were close to those measured in air at the
same frequency by Geathers et al. [35] as shown in Fig. 4. Close to
the notch, the fracture surface exhibited a very faceted area (called
Black Area hereafter because it appeared very dark in the Optical
Microscope (OM)) surrounded by a very bright zone (in the OM) formed
of relatively planar features with a leaf-like aspect already described
by Pilchak et al. [38] and A. Junet [39] in the same alloy . This aspect
has been interpreted as a so-called low 𝛥𝐾 faceted growth mechanism
occurring when the crack propagating on a given basal plane reaches a
new grain where the basal plane has a different spatial orientation [38].

Fig. 8 shows the microstructure below the fracture surface within
the Black and Bright Areas. This figure shows that, at a mesoscopic scale
(∼ 10 to 20 grains), only subtle differences between the two zones could
be revealed by EBSD below the fracture surface. Grains in the black
area seem to have a preferential orientation with the direction parallel
to the direction of crack propagation. Looking to the 3D orientation of
each hexagonal unit cells, there is no clear correlation between crystal
orientation and crack propagation. The orientations of the grains in the
bright area appear to be more random even if the statistics remain low.
4 
However, when looking at the 3D orientation of each hexagonal unit
cell, it is tempting to correlate the fracture plane of each grain with
the prismatic plane. At a more local scale, more important differences
appear as shown in the following.

A thin foil has been extracted by FIB within the bright area where
extensive striation was observed (Fig. 9). Fig. 9b and Fig. 12, show that,
in this region of the fracture surface, the crack crossed nine grains (one
𝛽 grain and 8 𝛼 grains), five of them containing striations. In the latter,
SEM (Fig. 9) and TEM observations (Fig. 10) reveal marks with a wedge
shape oriented in the direction of the crack propagation.

Fig. 10b shows a dark field TEM image of selected microstructural
marks obtained by selecting a diffraction angle that is not present in
the grain’s diffraction pattern. Fig. 10c displays nano beam diffraction
patterns of a family of marks (in red) and of the parent grain in which
it is located (in yellow). A 87◦ misorientation is measured between
these two matrixes. This value is very close to the 85◦ rotation around
[112̄0] mentioned in the literature to describe tensile {101̄2} twin and
already reported for the same alloy [40]. The fact that the wedge marks
correspond to tensile twins has been confirmed by a TKD analysis of the
same region as the one investigated by TEM. The result of this analysis
is illustrated in Fig. 11 where the rotation of the CP cell between the
wedge marks and the surrounding grains is also shown.

The lengths of the twins in the interior of the analyzed grains range
from 200 to 600 nm and their thickness varies between 20 and 80 nm.
The average angle 𝜁 between the direction of the twin planes and the
crack average surface is equal to 60◦ (Fig. 10a). The distance between
two twins (0.24 μm) matches very well the mean value of the inter-
striation distance obtained from Fig. 9a, (0.24 ± 0.02 μm), in the same
grain, but, interestingly, this last value is much larger than the thickness
of the twins.

Fig. 12 gives an overview of the presence — or the absence — of
twins in the different grains observed within the thin foil. By compar-
ison with the fracture surface of Fig. 9 it can be observed that the
grain orientation has a strong influence on the formation of striations.
When the latter are observed twins are systematically detected below
the surface. As a corollary, within the grains without striation/twin
the crack surface looked less smooth with more pronounced local
deviations of the cracks surface (see the zones circled in green in Fig. 9).

Finally, the differences in fracture surfaces reported above between
specimens with or without a chimney vanished when the cracks were
long enough to enter into the external region of the Fish-Eye zone
(𝛥𝐾 larger than approximately 10 MPa.

√

m [16]). This is illustrated in
Fig. 13.
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Fig. 5. SEM observations in the Rough Area of a Specimen without chimney cycled at 337 MPa during 4.55 × 107 cy cles (a) Global view showing a ‘‘granular’’ aspect with scattered
facets (circled in purple). (b) Enlarged view showing the ‘‘granular’’ aspect and some facets at higher magnification. (c) Enlarged view of the facet shown in the red rectangle in
b).
Fig. 6. SEM analysis of a facet located in the Rough Area of a specimen without chimney cycled at 337 MPa during 1.17 × 108 cy cles. The red line in (a) indicates the thin foil
position within the facet. (b) SEM image of the foil after extraction. A region of this lamella was thinned to enable TKD and TEM analysis. (c) TKD image corresponding to the
blue rectangle in (b) showing that a unique grain is present under the facet. The IPF shows the crystal orientation in the vertical direction of the picture (white arrow). The angle
between the 𝑐-axis and the loading direction (assumed to be along the white arrow direction) is about 35◦. An hexagonal unit cell illustrates the 3D orientation of the sectioned
facet.
4. Discussion

Yoshinaka et al. [7] have studied the propagation behavior of small
surface cracks in Ti-6Al-4V in air at atmospheric pressure (∼ 0.1 MPa)
and in vacuum (10−4 Pa). These authors describe - for the cracks which
propagated in air - an ‘‘angular and sharp aspect’’ close to the initiation
site (𝛥𝐾 ∼ 6 MPa.

√

m) surrounded by a ‘‘larger flat striated zone’’
5 
(still visible at 𝛥𝐾 = 18 MPa.
√

m). In the case of vacuum, a ‘‘granular
and round aspect’’ is described in the vicinity of the initiation site,
surrounded by a ‘‘flat zone without striation’’. Those observations are
in very good agreement with the results reported in our investigations.
The experimental conditions of the two studies differ however in sev-
eral points: the cyclic frequency (60 Hz vs. 20 kHz) the load ratio (0.1
vs. -1) and the stress state at the crack tip (plane stress evolving toward
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Fig. 7. Microstructure characterization below the fracture surface within the granular region of a specimen without chimney cycled at 337 MPa during 1.17 × 108 cycles. (a) SEM
imaging of the fracture surface in a granular area. The localization of a wall extracted with FIB is represented by the red line and the surface of the thin lamella extracted at this
point is indicated with the red arrows (𝛥𝐾 = 5.9 MPa.m1∕2). (b) Overall TKD map of the thin lamella extracted perpendicular to the crack plane along the red line in (a) (pixel
size: 100 nm). (c) and (d) TKD maps acquired with a pixel size of 15 nm (location shown respectively in the green and blue boxes of b) showing a nanograins layer just under
the granular features of the crack surface (the grain size of the original material is 10 ± 1 μm). All TKD maps were indexed with the 𝛼 titanium structure (no 𝛽 phase detection)
and exhibit IPF color coding for the vertical (loading) direction of the maps (white arrow). (e) and (f) are respectively a SEM image in BSE mode and a HAADF-STEM image of
the thin foil at nanograins level. Both images show the presence of nanopores within this nanostructured layer (dark spots).
plane strain vs. plane strain). This tends to indicate, surprisingly, that
the deformation mechanisms at the crack tip do not seem to depend
strongly on those parameters.

4.1. Sample without chimney

Within the RA, the extracted thin foil allowed us to confirm that
a single grain is present below a facet even when it is not completely
flat. This is in agreement with the so called ‘‘low 𝛥𝐾 faceted growth’’
suggested by Pilchak [5]. We did not find that the facets observed in the
granular zone corresponded to the basal plane of the hexagonal unit cell
as sometimes reported in this material [36,41]. This could be due to the
small facet size which, in our case, led to relatively large experimental
uncertainties in the methods used for determining the facets normals.
Another explanation could be the presence, in the alloy investigated
here, of macrozones (see Section 2, Fig. 2). Evenaerts et al. [6] have
shown in a study of Ti-6Al-4V wires that the material texture has a
strong influence on the type of planes along which the facets form.

The TKD analysis has enabled us to visualize the size and shape
of the very small grains formed beneath the fracture surface. Hong &
Sun [1] have observed a thin foil extracted by FIB out of the fracto-
graphic surfaces of a high-strength steel and a Ti-6Al-4V alloy which
have been ultrasonically fatigue tested. TEM observations revealed the
presence of nanograins in a micrometer-thick layer under the crack
surface [1]. Nano grains were also directly observed in specimens of
Ti-6Al-4V produced by Selective Laser Melting (SLM) using precession
electron diffraction [42]. Su et al. [12] observed the same type of
microstructure in a bi-modal Ti-6Al-4V alloy for which different loading
ratios were tested. In the RA the nanograin layer was detected in
specimens cycled at 𝑅 = −1 but not at 𝑅 = 0.5. Hong & Sun [1] also
reported an absence of RA for specimens ultrasonically cycled at 𝑅 = −1
which failed after a short amount of cycles (𝑁 = 1.28 × 105 cy cles). In
that case, the size of the RA was reduced but still present for specimens
cycled at 𝑅 = 0.1.
6 
According to Hong et al. [43] these observations confirm that the
nanograins are formed by the so-called Numerous Cyclic Pressing (NCP)
model: an accumulation of plastic deformation originating from the
repeated contact and pressing between the two crack lips. In this model,
the formation of the RA and of the nanograins layer is favored by long
fatigue lives and negative loading ratios. Another formation mechanism
of the RA and of nanograins has been proposed by Oguma et al. [4]
who suppose that the repeated contact of the internal crack surfaces
induces a cold-welding phenomenon. The cyclic loading provokes a re-
peated fracture of the cold-welded surfaces (not necessarily at the same
location within the grains) leading to some microstructure refinement.
Cold-welding provoked by cyclic loading has been experimentally ob-
served by in situ TEM observations of platinum fatigue specimens
containing nanocrystals [44].

Our results show that bringing air molecules to an internal crack
during its propagation seems to hinder the formation of both a granular
area and of nanograins. This was already observed by Oguma et al. [4]
on long surface cracks in CT specimens. The presence of oxygen or
hydrogen molecules can alter the plasticity mechanisms in Ti-6Al-4V
alloys in many complex ways (see [45] for a recent review). As pointed
out by Oguma and Nakamura [4], a key effect of oxygen is that it
creates a thin oxide layer at the surface of the crack hindering the cold
welding process. Grain refinement according to the NCP model should
in principle be active both in air and in vacuum and cannot therefore
account for the absence of nanograins in presence of air, unless the
nanometric oxide layer [46] is being constantly broken by the repeated
contacts of the crack surfaces. Our TEM and SEM observations have
shown the presence of nanopores within the nanograin layer (Fig. 7).
Similar nanopores have also been reported by Oguma [47] in a region
of nanograins obtained during uniaxial compression tests in Ti-6Al-4V
in vacuum. According to this author, the nanopores result from an
imperfect cold welding process.

The fact that nanograins do not form in the presence of air could
however be also explained in the frame of the NCP model [43]. For
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Fig. 8. Broad Ion Beam (BIB) cross-section perpendicular to the average crack plane
for a specimen with a chimney cycled at 315 MPa during 8.16 × 105. (a) Optical imaging
of the fracture surface and location of the cross-section through the notch and the dark
and bright areas. (b) SEM picture of the BIB section observed in backscattered electron
mode to distinguish the microstructure under the fracture surface around the internal
notch. The notch and the chimney are represented in green, Black Area is located in
white and Bright Area, in orange. Two EBSD maps obtained in the black and bright
areas are shown in (c) and (d) respectively. Both maps are located within the orange
rectangles in (b) and were obtained with a step size of 200 nm. The IPFs show the
crystal directions parallel to the direction of crack propagation (white arrow). On these
maps, the black regions correspond to the detection of the 𝛽 phase. For every 𝛼 grain
on the surface, hexagonal unit cells are superimposed on the maps.

samples with a chimney the fatigue lives are much shorter than with-
out: ∼ 106 v.s. ∼ 108 cycles (see Fig. 3). Thus, in the former case,
the plastic strain accumulation due to repeated contacts at the crack
surfaces might not be large enough to induce the formation of the
nanograins. The results obtained in this work cannot help to decide
between the two models/mechanisms.

4.2. Sample with chimney

The presence of the chimney which carries air molecules to the
crack tip has a strong influence on the crack tip mechanisms. The gran-
ular areas containing facets observed in vacuum have been replaced
by a faceted fracture surface where striations can be observed when
𝛥𝐾 > 5 MPa.

√

m [16].
The inter-striation spacing has been used to locally estimate the

crack growth rate assuming propagation between two striations during
one loading cycle. Ten measurements have been carried out per speci-
men at 𝛥𝐾 values ranging from 4 to 10 MPa.

√

m. Within this range, the
crack growth rate does not seem to vary with 𝛥𝐾 values, its average
value is 2.7 × 10−7 ± 1.0 × 10−7 m∕cy cle (cf. Fig. 4). Our measurements
are in good agreement with those of Yoshinaka et al. [7], also based on
striation spacing, who measured crack growth rates around 1.4 × 10−7 m
when 𝛥𝐾 = 18 MPa.

√

m for a crack propagating in air environment in
the same alloy loaded in tension at 𝑅 = 0.1 [7].
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The ‘‘averaged’’ macroscopic crack growth rate has also been es-
timated thanks to tomography data for the specimens with a chim-
ney [16] giving values that are two orders of magnitude lower. A
possible explanation for this discrepancy has been given by Williams
et al. [48] who suggest that propagation might not be homogeneous
along the crack front so that the macroscopic crack growth rate -
which is an averaged value - can differ from the local one. Another
explanation might be that, in the regions with striations, the crack stays
arrested during several cycles (between 10 and 100) before propagating
again.

Based on the position of the thin foil within the fracture surface
(∼ 320 μm from the notch tip), an estimation of the SIF range at which
the twins observed on Fig. 9 were created can be calculated [16]. This
value (∼ 6.1 MPa.

√

m) can be used to calculate a rough approximation
of the reverse cyclic plastic zone size, 𝑟𝑝,𝑐 𝑦𝑐 𝑙, at the crack tip (plane
strain assumption):

𝑟𝑝,𝑐 𝑦𝑐 𝑙 =
(1 − 2𝜈)2

𝜋
𝛥𝐾2

𝐼

4𝜎2𝑌
(1)

In the region of the twins, a value of 500 nm is obtained for 𝑟𝑝,𝑐 𝑦𝑐 𝑙
which is of the same order of magnitude than the length of the twins
(from 200 to 600 nm). This tends to indicate that the presence of a twin
is correlated to the plastic activity at the crack tip.

Chi et al. [49] have studied tensile twinning in Ti-6Al-4V; they claim
that twin nucleation occurs in 𝛼 grains when the plastic strain reaches a
certain level. One might assume, therefore, that in our case, the crack
stays arrested until enough cyclic plasticity is accumulated to trigger
the formation of a twin.

As a matter of fact, twinning during fatigue of Ti-6Al-4V has already
been reported in several studies but, to the best of our knowledge, it has
never been related to striations. For example, Lavogiez et al. [40] ob-
served that tensile-twinning occurs at the surface of a cycled specimen.
When slip bands try to pass from a soft grain (i.e. whose orientation
is favorable for slip with a high Schmid factor [50]) to a neighboring
hard grain (i.e. low Schmid factor), they do so by forming a twin in
the latter. Also, Ma et al. [51] studying a lamellar Ti-6Al-4V alloy
reported tensile-twinning in the grains near a fatigue crack. In this
study, Schmid factor calculations showed that {101̄2} tensile-twinning
principally occurred in grains with low values of the Schmid factor of
the basal slip system. In other words, for those authors, when the 𝑐 -
axis is aligned with the loading direction, twinning tends to be favored
because basal slip is difficult to trigger. This interplay between 𝑐 -axis
direction and twinning occurrence is also claimed by Chi et al. [49].

Conversely, Sun et al. observed during fatigue of a Ti-6Al-4V alloy
that {101̄2} tensile-twinning occurred in grains with high Schmid factor
for basal slip [52]. In this case, the authors claim that high stress levels
provoke dislocation accumulation in some grains until a point when
twinning is triggered to accommodate the plastic strain.

Munroe et al. [53] report that the presence of twinning in titanium
can be observed in grains with 𝑐 -axis aligned with the loading direction
but also in the case of high Schmid factors for basal slip. In this
paper, different results from several studies are listed and show that
{101̄2} twinning was dominant in titanium single crystals if the 𝛺 angle
between the 𝑐 -axis and the loading direction was equal to 12◦, 30◦,
close to 0◦ or between 30◦ and 40◦. Fig. 12 summarizes the presence
— or the absence — of twins in the different grains observed in the
thin foil extracted by FIB. On this figure, it can be seen that tensile-
twinning is not observed in the grains with a 𝑐 -axis almost aligned
with the loading direction and twinning marks are present when 37◦

< 𝛺 <44◦.
To try to rationalize the presence of tensile-twinning, a Schmid

factor analysis [54] has been carried out for the three grains labeled
with the ‘‘*’’ symbol observed in Fig. 12. Rather than assuming a
uniaxial stress state in the loading direction, the triaxial stress field at
the crack tip is estimated by Finite Element (FE) calculation using a
2D mesh containing a crack under plane strain (to account for the fact
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Fig. 9. (a) SEM picture representing a striated zone in the Bright Area from the fracture surface of a specimen with chimney cycled at 300 MPa during 5.04 × 105 cycles. The
localization of the wall extracted with FIB is represented by the white dotted line. The insert zooms in on the striation and allows to measure an inter striation spacing of 0.24 μm.
Areas without striations in the plane of the thin foil are circled in green. (b) Low voltage SEM pictures in BSE mode of the extracted wall located under the striated zone depicted
in (a). The inserts zoom in on marks seen under the striations. The distance between two marks (0.24 μm) matches very well the inter-striation spacing obtained from (a) meaning
that one mark is present under each striation. The crack propagates from left to right.
that cracks are internal) (cf. Fig. 14a). The crack in the mesh is slightly
inclined (20 degrees) to be more representative of the experimental
observations (assuming a nearly vertical loading in Fig. 12). The FE
calculation is performed with the assumption of an homogeneous,
isotropic, linear elastic material given the low level of the remote stress
with respect to the material’s yield strength.

Then, for the three grains shown on the left of Fig. 12 (marked with
the * symbol) the obtained FE stress field, averaged over ten elements,
at the crack tip is used to calculate a resolved shear stress, 𝜏𝑠, for each
slip system 𝑠 listed in Table 2.

𝜏𝑠 = 𝒃𝑇 ̄̄𝝈 𝒏 (2)

with 𝒏 the slip plane normal unit vector, 𝒃 the unit vector orienting
the slip direction and ̄̄𝝈 the stress tensor.

In a similar approach to slip, deformation twinning can be described
by an homogeneous shear parallel to the twinning plane (normal n) in
the twinning direction b [55,56]. This ‘‘slip approach’’ is also applied to
the twin mechanisms to obtain an equivalent shear rate. This approach
has been carried out for the tensile and compressive twinning systems
listed in Table 2. However, contrary to slip modes, the twin modes are
uni-directional. Therefore, only positive resolved shear stresses on the
specified twin systems might activate deformation twinning in the grain
8 
Table 2
Families of slip and twin systems used in the Schmid factors analysis. The
twinning planes and directions for the tensile and compressive twins correspond
to a description of deformation twinning as an homogeneous shear, similar to
slip but uni-directional.
Slip Slip Slip Nb. of equiv.
mode plane direction syst.

Basal (0002) < 112̄0 > 3
Prismatic {101̄0} < 1̄21̄0 > 3
Pyramidal < 𝑐 + 𝑎 > {101̄1} < 2̄113 > 12

Twinning Twinning Twinning Nb. of equiv.
mode plane direction syst.

Tensile {101̄2} < 1̄011 > 6
Compressive {112̄2} < 112̄3̄ > 6

and result in a twin lattice that is indeed a mirror of the parent grain
lattice in the twinning plane.

The Critical Resolved Shear Stress (CRSS) for the different slip sys-
tems in titanium have been computed from several studies as reported
by Castioni et al. [57] and summarized in Table 3. For the twinning
systems, as a first approach, the CRSS have been taken equal to the
value of the ‘‘harder’’ system, i.e. the ⟨𝑐 + 𝑎⟩ pyramidal slip system in
the case of Ti-6Al-4V according to Bridier et al. [58].
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Fig. 10. (a) bright-field TEM image of the marks. 𝜁 is the average angle between the direction of the marks and the crack average surface (the crack propagates from right to left).
(b) Dark field TEM image of microstructural marks obtained by selecting a diffraction angle that is not present in the parent grain’s diffraction pattern. (c) Nano beam diffraction
patterns of a microstructural mark (in red) and of the parent grain in which it is located (in yellow). A 87◦ misorientation is measured between the two patterns which is very
close to that of a tensile-twinning relation in titanium (85◦). The crack propagation direction is from right to left.
Fig. 11. Orientation maps of the extracted wall located under the striated zone (a) EBSD analysis of the extracted lamella as a whole, shown in Fig. 9. (b) detailed view of the
twinning marks for two adjacent grains. (b) TKD picture (step size: 5 nm). The IPF presents the crystal direction normal to the pictures. The crystal misorientation between the
marks and the bulk corresponds to the tensile-twinning relation.
Table 3
Relative critical resolved shear stresses used in the Schmid fac-
tor analysis for the different families of slip and twin systems.
The values are normalized by the lowest CRSS (corresponding
to the prismatic slip). Extracted from the work of Bridier et al.
[58].
𝜏𝑝𝑟𝑖𝑠𝑚𝑐 𝜏𝑏𝑎𝑠𝑎𝑙𝑐 𝜏𝑝𝑦𝑟<𝑐+𝑎>𝑐 𝜏𝑇 𝑡𝑤𝑖𝑛

𝑐 𝜏𝐶 𝑡𝑤𝑖𝑛
𝑐

1.0 1.14 1.59 1.59 1.59
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To predict which slip or twin system is activated for each crystallo-
graphic orientation, the calculated resolved shear stress, 𝜏𝑠, is normal-
ized by the CRSS, 𝜏𝑠𝑐 , to obtain a shear rate 𝛾̇ = ̇𝛾0|𝜏𝑠∕𝜏𝑠𝑐 |

1∕𝑚 𝑠𝑖𝑔 𝑛(𝜏𝑠)
with ̇𝛾0 a reference slip rate and 𝑚 a strain-rate sensitivity exponent (as
detailed in [59] — Appendix A). The ‘‘preferential’’ deformation mode
is obtained by comparing the maximum shear rate in each slip or twin
systems. The results of this analysis are shown in Fig. 14b. It can be seen
on this figure that twinning is predicted in the grain labeled ** but not
in the two others (labeled * and ***). The results of the simulation are
therefore the opposite of what has been experimentally observed but they
are in good agreement with the observation of Ma et al. [51] and Chi
et al. [49] who observed that twin is favored when the local 𝑐 -axis is
perpendicular to the loading direction.
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Fig. 12. Summary of the presence of striations and of the angle between 𝑐-axis and vertical loading direction for each grain located in the extracted wall which is represented in
Fig. 9. (a) Low magnification TKD map (Step size: 100nm). (b) Detailed TKD map (step size 40nm) of (a) after a supplementary polishing session using a precision ion polishing
system (PIPS II, Model 695, Gatan Inc.). The IPF shows the crystal direction parallel to the vertical direction of the picture (assumed to be approximately the loading direction).
𝛺 is an estimation of the angle between the 𝑐-axis and the loading direction. Grains whose orientation has not been represented have been indexed with 𝛽 titanium structure.
Almost all surface grains present striations with the exception of 3 grains. The Schmid factors of the three grains with ‘‘*’’ markers have been analyzed.
To try to understand the discrepancies reported above between
experiment and simulation one has to bear in mind that the prediction
of the Schmid factor approach strongly relies on the respective values
of CRSS. These values can be identified experimentally for easy slip
modes such as basal and prismatic slip, but require more elaborate
strategies for twinning systems. It is also known, for titanium, that
the interstitial content has some influence on the respective values of
the CRSS. Increasing the oxygen interstitial content in Ti leads to an
increase of the CRSS values for basal and prismatic slip and this effect
is more pronounced for prismatic slip [60]. In the work presented here,
it was observed that the environment has also a strong influence on
the crack tip deformation mechanisms as the twins are only observed
when air (and in particular oxygen) is present. As far as we know,
however, the effect of the oxygen interstitial content on the CRSS value
required for twinning is not known. Obtaining this type of data would
be a prerequisite before performing any simulation for predicting the
observed twinning mechanism at the crack tip.

5. Conclusion

This paper presents a detailed analysis of fatigue mechanisms oc-
curring in Ti-6Al-4V specimens containing a controlled internal sharp
defect. The fatigue tests (described elsewhere [16]) have been carried
in the HCF (𝑁𝑅 ∼ 105 cycles) and the VHCF (𝑁𝑅 > 107–108 cy cles)
regimes. All specimens broke from the propagation of an internal crack
initiated from the artificial defect with significantly shorter fatigue lives
(∼ 2 decades) when internal defects were connected to the specimen
surface allowing ambient air to reach the crack tip.
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The findings of this study can be summarized as follows:

• The microstructure present below the fracture surface of the
broken specimens has been studied by electron microscopy (SEM,
EBSD, TKD and TEM).

• The formation of nanograins and nanopores was observed be-
low the surface of cracks growing in vacuum but not in cracks
connected with ambient air.

• Below the surface of internal cracks growing in air, large regions
containing striations were observed, whereas no striation were
observed on the specimens with internal cracks without contact
with air and loaded at approximately the same load level.

• The presence of a striation is associated to the formation of a
tensile twin below the surface of the crack.
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Fig. 13. Fractographic aspect of the external area of the Fish-Eye zone observed with SEM for specimens with (b & d) and without (a & c) a chimney. Low magnification pictures
(a & b) show that the fracture surface presents a combination of rough and planar zones (the latter being less planar than the facets) with many step lines (cf. red arrows). Also,
a higher magnification (c & d) allows to remark the presence of ridges in the external area of the Fish-Eye zone (also located by red arrows) for the two types of specimen. (a)
𝛥𝐾 ≈ 11.2 MPa.

√

m Specimen without chimney cycled at 337 MPa. (b) 𝛥𝐾 ≈ 10.1 MPa.
√

m Specimen with chimney cycled at 315 MPa. (c) 𝛥𝐾 ≈ 12.4 MPa.
√

m Specimen without
chimney cycled at 500 MPa. (d) 𝛥𝐾 ≈ 10.9 MPa.

√

m Specimen with chimney cycled at 315 MPa.

Fig. 14. (a) 2D model used for the elastic finite element calculation carried out to obtain the stress field at the crack tip (b) Deformation system activated for each microstructure
orientation according to the Schmid factor analysis. The * markers correspond to the three grains indexed by similar markers in Fig. 12.
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