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Chasseneuil, Cedex, France

Abstract

Fatigue specimens of a Ti-6Al-4V alloy containing internal artificial de-

fects with controlled and reproducible size and shape have been produced.

These defects systematically led to the initiation of a fatigue crack which

propagation has been monitored in situ by synchrotron X-ray tomography

during R=0.1 uniaxial fatigue tests at 20 Hz. The crack growth curves of

the internal cracks have been obtained for 6 samples. Ex situ fatigue tests

have been performed on samples submitted to a supplementary heat treat-

ment or containing a defect put into contact with air. The results obtained

tend to support the fact that internal fatigue cracks grow from the notch in
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a vacuum environment. On the fracture surfaces of samples containing an

artificial defect not connected to air, two regions have been observed. They

correspond to the Rough Area and the Fish Eye regions observed for inter-

nal cracks initiated from natural defects . The transition between those two

regions takes place when the plastic radius size is equivalent to the grain size.

Keywords: internal fatigue cracks, three-dimensional tomography,

synchrotron radiation, titanium alloys, small fatigue cracks
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1. Introduction

Titanium alloys are one of the key structural materials used for the pro-

duction of aerospace engines. Even if the reasons for using this class of

material are multiple (low density, excellent corrosion resistance etc.) their

outstanding fatigue strength has played a central role in their use. As a re-5

sult, a large amount of literature has been devoted to the topic of the fatigue

properties of Ti alloys. In the vast majority of cases, in high cycle fatigue, fa-

tigue cracks initiate at and develop from surfaces (or immediate sub-surface

regions) where cyclic plasticity is easier. This has some very important prac-

tical consequences as critical components in plane engines can be inspected10

visually at regular intervals during maintenance to detect possible damage.

In some cases, however, fatigue cracks can remain invisible to such inspec-

tions because they develop internally. This problem, although rare, can have

some dramatic consequences as shown by two recent accidents [1], [2].

If the literature on surface fatigue cracks initiation and propagation in15

metallic alloys is more than abundant, the amount of experimental data

available on internal fatigue crack growth is much more limited. One recent

special issue of the journal Fatigue & Fracture of Engineering Materials and

Structures has been devoted to the topic of Internal Fatigue Cracks but no

direct observation of internal crack propagation was shown when the issue20

appeared (2017). Since then, with the development of tomographic imaging

techniques, 3D images of propagating fatigue cracks have become more com-

mon (see [3] for a list)). While getting quantitative information on the way

fatigue cracks propagate in the bulk of optically opaque materials brings new

and interesting information for the design of fatigue sensitive components,25
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it has rarely focused, so far, on cases where both crack initiation and propa-

gation happen in the bulk [4, 5, 6]. One reason of such limited data is that

internal crack initiation is a stochastic process which reduces the number

of successful experiments (another one is that, data analysis of tomographic

data, when available, takes time).30

In a recent work [7] we have reported the development of a method for in-

troducing controlled internal defects within metallic fatigue samples without

disturbing the local microstructure around the defect. By using synchrotron

X ray tomography we showed that it was possible to analyze fatigue crack

propagation from those defects and to extract quantitative data on the prop-35

agation of internal fatigue cracks. The study presented here builds on this

preliminary work.

A systematic analysis of crack propagation from internal defects intro-

duced in a Ti-4Al-6V alloy is carried out using synchrotron tomography dur-

ing in situ fatigue tests. Propagation curves of internal fatigue cracks have40

been obtained for various conditions of environment in the internal defects.

The level on vacuum reached in the defects has been assessed thanks to com-

plementary experiments. The typical features of internal crack propagation

(Fish Eye and Rough Area regions [8]) have been observed and analysed

quantitatively for the first time directly based on internal 3D crack fronts.45

2. Materials and methods

2.1. Samples with internal controlled defects

The studied material was a Ti-6Al-4V titanium alloy composed of 94%

α phase. The method used to produce the fatigue samples with controlled
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internal defects is briefly summarized in what follows; more details can be50

found in [7].

The notches were created in one sheet by translating it under the sta-

tionary beam of a Yb:KGW femtosecond laser in a back and forth motion

(6 times) at the speed of 0.1 mm/s. This process generated 200 µm wide,

200 µm deep and 20 µm thick grooves. The sheets were then placed in an55

ultrasonic bath for 5 min to remove debris from the laser ablation process.

The sheet containing the notch and the un-notched one have been welded

by Spark Plasma Sintering (SPS). One of them contained a notch-like defect

machined by femtosecond laser (Figure 1). The textures of the two sheets

have been analyzed using EBSD. The results are shown in Figure 2 where60

it can be seen that both sheets had a similar texture with a slightly larger

fraction of basal planes perpendicular to the rolling direction (which was also

the loading direction in this work) in the sheet containing the notch [7].

  
internal defect surface defect

internal defect 

with chimney

a) b) c) d)

Figure 1: Schematic drawing of the different location of defects within the fatigue speci-

mens used for in situ and ex situ tests. a), b), c) enlargement of the central gauge length,

d) geometry and size of the specimens.

The welding time and temperature were chosen so as to not alter the

initial microstructure of the material. The average grain size dg in the fa-65
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tigue samples, determined form EBSD measurements, based on a grain area

histogram [9] was found equal to 4.4 µm. The mechanical properties of the

material before and after bonding are listed in table 1.

Table 1: Tensile properties of Ti-6Al-4V sheets, before and after diffusion bonding (DB)

Sheet
Tensile strength

(MPa)

0.2% proof stress

(MPa)

Elongation

(%)

Sheet 1

(containing the notch)
1026 935 12

Sheet 2 944 855 13

DB sheets 1070 915 14

Dog bone fatigue samples (geometry in Figure 1) were extracted from

the welded sheets by electro discharge machining. Three types of samples70

have been used. The first type, hereafter labeled internal, contained the

internal notch in the middle of the cross section located at the center of

the specimens gauge length which, after manual mechanical polishing, had

a circular section (diameter ∼ 1.2 mm). The second type, labeled hereafter

surface, contained a notch at the surface. Finally, some specimens, labeled75

chimney hereafter, contained the notch as well as a central hole also produced

by the femtolaser before SPS bonding; this hole enabled to put the internal

notch into contact with the laboratory air. Those three types of samples are

schematically shown in Figure 1.

The bonding of the sheets has been performed either using primary vac-80

uum in the SPS chamber (samples labelled vacuum hereafter) or an inert

Argon gas (samples labelled argon hereafter) [7]. Finally, one sample (la-
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Figure 2: EBSD maps of the microstructure of the two different sheets used after diffusion

bonding. The bonding interface is indicated by the {} symbols. The texture is similar

in both sheets with a slightly larger number of basal planes perpendicular to the rolling

direction (the loading direction of the fatigue tests) in the sheets where the laser notch is

machined.
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belled hereafter ThT ) containing an internal defect has been submitted to a

supplementary heat treatment before cycling in order to evacuate the notch

from possible traces of oxygen: 5h at 750°C under secondary vacuum (5.10−2
85

Pa) followed by slow air cooling.

2.2. Crcak propagation fatigue tests

Uni-axial fatigue tests have been performed at Institut P’ on macroscopic

SENT samples [9] extracted from the sheets previously submitted to the same

thermal treatment than the one used in SPS during bonding. Those tests90

have been carried out at 30 Hz with a load ratio of 0.1 in air or under vacuum

(10−3 Pa). The formula for computing the values of the Stress Intensity

Factor (SIF) is taken from [10]:

∆Ksent = ∆P

√
πas

BW

[

1.12− 0.23
( as
W

)

+ 10.55
( as
W

)2

− 21.71
( as
W

)3

+ 30.38
( as
W

)4
]

(1)

Where ∆P is the intra cycle load variation (∆P = Pmax - Pmin), as the

crack length , B and W the sample thickness and width, respectively. Cracks95

have been initiated from the notch by cycling above ∆Kth and the test were

performed at decreasing values of SIF. The crack length is the average of the

values measured optically on both sides of the samples. Two samples have

been tested one for each environment. The da/dN curves are plotted using

nominal values, no crack closure measurement has been performed.100

One part of the dog bone samples have been submitted to in situ uni-axial

fatigue tests monitored by synchrotron X-ray tomography on ID19 beamline

of ESRF using a dedicated fatigue rig. The other part has been cycled in the
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laboratory using the same machine. A cycling frequency of 20 Hz with a load

ratio R equal to 0.1 has been used in both cases. The maximum stress level105

was chosen to obtain a lifetime of a few hundred thousand cycles in order to

perform between 5 and 10 tests during a synchrotron campaign. Under these

conditions, the initiation of a fatigue crack occurred rapidly (less than 10%

of the fatigue life) and was systematically located at the artificial defect. All

tests have been performed at room temperature in ambient air.110

In order to increase the visibility of the cracks, Tomography scans of the

sample were recorded under maximum load (scan duration ∼ 5 minutes)

around the notch before cycling and then regularly during the life of the

sample [9]. The details of the imaging conditions are given in [7]. The voxel

size of the reconstructed Three Dimensional (3D) image is equal to 0.7µm.115

The spatial resolution is of the order of twice this value.

The fracture surfaces of the samples cycled to fracture in the laboratory

have been analyzed i) at a macroscale using a confocal optical microscope

(JYFEL Hirox RH-2000) and ii) at a local scale with a Scanning Electron Mi-

croscope (SEM) Zeiss Supra 55 VP operated at 20 kV in Secondary Electron120

(SE) mode.

3. Results

3.1. Long crack behavior

The results of the SENT tests are shown in Figure 3. As expected, in vac-

uum, lower crack growth rates are measured compared to air. A good agree-125

ment is found between our data and that obtained by Oguma and Nakamura

on a similar alloy [11]. The following Paris parameters have been obtained:
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CT	air,	Oguma	et	al.,	Int.	Jal	Fat.	50,	2013

CT	HV,	Oguma	et	al.,	Int.	Jal	Fat.	50,	2013

CT	UHV,	Oguma	et	al.,	Int.	Jal	Fat.	50,	2013
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Figure 3: Crack propagation curves obtained by SENT tests on the Ti sheets in vac-

uum and in air. Prior to testing the sheets have been submitted to a heat treatment

corresponding to the welding cycle in the SPS.
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(da/dN)air = 5.148.10−14∆K5.51(m/cycle) (2)

for air and

(da/dN vac) = 7.504.10−21∆K11.43(m/cycle) (3)

for vacuum.

Internal	vacuum

Internal	argon

Internal	vacuum	+	

ThT	5h	@	750	°C

Surface

Internal	+	

	chimney
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Figure 4: S-N curves obtained from the ex situ fatigue tests. The numbers of cycles to

failure are normalised by the fatigue life of the sample with the smallest artificial defect

as explained in Appendix A
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3.2. S-N curves130

Figure 4 shows the fatigue curves obtained with the samples cycled in

the laboratory with the small in situ rig. For the samples with an internal

notch it was verified using tomography that crack initiation is very rapid

(less than 10% of the total life). Therefore, the fatigue lives showed on the

figure for samples with such a notch correspond, with a good approximation,135

to propagation. In this case, it is well known that if the final crack length

af before fracture has a negligible influence on the fatigue life, this is not

true for the value of the initial crack length ai. For samples with an internal

defect, ai is of the order of the notch size. The latter can vary between

samples; smaller notches leading to longer fatigue lives. Therefore, in order140

to improve the comparison between samples, the number of cycles shown

on Figure 4 has been normalized using the number of cycles obtained for

the sample with the smallest notch (see Appendix A for details). When this

is done it appears that the fatigue life of samples with an internal notch

welded in vacuum is similar to that of the samples produced using argon or145

the one submitted to the supplementary heat treatment. On the contrary,

samples with a notch into contact with air, either because it is at the surface

or because of the presence of the chimney, have a fatigue life which is nearly

one order of magnitude smaller.

3.3. Propagation of internal cracks150

The list of sample studied by tomography is given in Table 2.

The propagation of the fatigue cracks from the internal defects has been

obtained from the tomography images recorded during the in situ fatigue

tests at the synchrotron. As the cracks grow in mode I from the notch [7], as
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Table 2: Summary of the in situ fatigue tests conditions and results. the star symbol (*)

indicates broken samples.

Specimen SPS conditions
Maximum stress

(MPa)

Fatigue life

(x103 cycles)

A7 (surface)
Primary Vacuum (PV)

∼ 100 Pa
320 87

A4 (internal) PV 435 150

A2 (internal) PV 530 45

A3 (internal) PV 430 415*

C2 (internal Ar)

PV +

Argon injection

before DB (Ar ≥ 99.99 %)

455 718*

C3 (internal Ar)

PV +

Argon injection

before DB (Ar ≥ 99.99 %)

443 980*
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a first approach, a two dimensional (2D) approach on planes perpendicular to155

the loading direction is adopted. The procedure for extracting the successive

crack fronts is detailed in Appendix B which also gives an estimation of the

uncertainty level of the data. As shown in [7] and also on figure 10, the

successive shapes of the crack fronts rapidly tend towards a circular shape.

Therefore the value of the stress intensity factor was assumed to be constant160

along the crack front and was calculated using Murakami’s formula [12]:

∆K = κσmax(1−R)

√

π
√
area (4)

where κ is equal to 0.5 for internal cracks and 0.65 for surface cracks and

R the stress ratio. The parameter area is the projected area of the crack onto

the plane perpendicular to the loading axis; it is also used to compute an

equivalent crack size aeq which is a very good average of the different crack165

growth rates all the front [7]:

aeq =

√

area

π
(5)

The uncertainty induced by this data processing has been evaluated from

estimation of the error on the crack front position, the load and the sample

section. The detail of the calculation and its result for one sample is shown

in Appendix B. The uncertainty level is larger for the ∆K values than for170

the (da/dN) values except when the crack size is small but, overall, remains

small enough to draw conclusions.

All the propagation data have been compiled on Figure 5 where some

tendencies clearly appear. The sample with a crack growing in air from a

surface notch (A7) exhibits the highest growth rate in good agreement with175
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the SENT curve recorded in air as well as with the literature data, when

uncertainty is taken into account. Two specimens (A3 and A2) have propa-

gation curves close to long crack data recorded in vacuum. Three specimens

(A4, C3, C2) have propagation curves slightly above but remain below the

data recorded in air.180

A7	surface
A2	internal	vacuum
A3	internal	vacuum
A4	internal	vacuum
C2	internal	Argon

C3	internal	Argon
SENT	air	(P')
SENT	vac	(P')
int,	Yoshinaka	et	al.,

FFEMS,	2019

surf	air,	Yoshinaka	et	al.,

IJF	91,	2019

surf	UHV,	Yoshinaka	et	al.,

IJF	91,	2019

C
ra
ck
	g
ro
w
th
	r
at
e	
(m
/c
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)

10−12

10−11

10−10

10−9

10−8

10−7

10−6

ΔK	(MPa.√m)

10 203

Figure 5: Propagation curves obtained with the samples with artificial deflects, compared

with literature data and with the SENT tests performed in this work.

15



3.4. Fracture surface analysis

The fracture surfaces of the samples containing an internal crack have

first been observed using confocal microscopy. One typical example is shown

in Figure 6 which shows the starting notch in dark with a square shape in

the center of the sample cross section. Surrounding this notch, the light grey185

disk corresponding to the propagation of the internal crack in the so-called

fish eye region can clearly be distinguished. A darker region (underlined by a

white line in Figure 6 c) approximately circular and surrounding the starting

notch is also visible. Those observations have been consistently made for all

broken samples.190

b) c)

a)

FiE
RA

!

a)

Figure 6: a) Schematic description of the different regions surrounding the crack initiation

site (natural crack) in a Ti alloy as proposed by Hong and Sun [8]. b) and c) typical

optical micrographs showing the initiating notch in the center, the Rough Area (RA) and

the Fish Eye (FiE) regions.

At a more local scale, SEM observations show that the initiation mech-

anisms are similar in air or under vacuum (see figure 7): facets are formed

16



at the edge of the defect by a quasi-cleavage mechanism [13] in the sheet

where the notch was machined. In figure 7 d), four zones have been clearly

identified. The first shows cleaved grains. A second zone shows a transi-195

tion between the two mechanisms involved, the cleavage zone gives way to

a quasi-cleaved zone (zone 3 on the figure 7 d)). Finally the fourth zone

represents the actual propagation of the fatigue crack.

1

3

4

2

a) b)

d) c)

defect

initiation

Figure 7: Fractography of sample C2. a) Global view. b) Zoom on the crack initiation site.

c) and d) Zoom on the initiation region showing the evolution of the fracture surface from

some cleavage facets at the edge of the artificial defect (zone 1) to a rough morphology

characteristic of propagation under vacuum (zone 4) with a transition zone in between

(zone 2 and 3) with some quasi

cleavage mechanisms.

From this narrow region, propagation occurs by different mechanisms

depending on the environment encountered by the crack tip. For the crack200
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under air (samples with a chimney) the fracture surface appears “chaotic”

and sharp edges are visible. Striations (indicated by arrows in figure 8) can

also be observed in the early stages of propagation (∼ 10µm from the notch

edge). For cracks propagating in vacuum, after initiation, the fracture surface

is also quite chaotic but the sharp edges have disappeared and extended very205

fine “granular” regions are visible. In the darker zone encircled by a white

line on Figure 6, where the value of the SIF at the crack tip is relatively

low, crystallographic propagation facets can also be observed as shown in

the zoomed region of Figure 9 b) where such a facet appears surrounded by

granular zones.210

Figure 8: Fracture surface of a sample with a chimney. The arrows point at marks which

could be striations typical of crack propagation in air.

18



a) b)

Figure 9: (a) Fracture surface of a sample with an internal defect; the granular region

ahead of the facets corresponding to crack initiation is typical of crack propagating in

vacuum b) Magnified view of a facet surrounded by granular region.

4. Discussion

4.1. Crack initiation from the notch

The fractographic obervations of facets close to the artificial notch and

away from it are in very good agreement with those of Pilchak and Williams,

Uta et al. and Sinha et al [14, 15, 16]. One can therefore reasonably as-215

sume that their analysis, which is based on EBSD and tilt orientation, re-

main valid in our case. These authors distinguish initiation and propagation

facets. Initiation facets correspond to basal planes (within a few degrees).

Once initiated the short crack propagate in the neighboring grains creating

a networks of “rivers” resembling the veins of a leaf. Those lines correspond220

to the junction between basal planes within the neighboring grains as ex-

plained in detail by Pilchak et al [17] in the case of a cast Ti-6Al-4V alloy

that underwent hot isostatic pressing (HIP) prior to testing.

19



The fact that crack initiation occurs preferentially within the sheet re-

ceiving the defect can be explained by the crystallographic texture of this225

sheet which presents a larger proportion of basal planes perpendicular to

the direction of solicitation of the specimens. This observation is supported

by initiation models and crystal plasticity (CP) simulations developed by

different authors [18, 19, 20, 21].

Dunne et al. developed a CP model [20, 21] that is based on the model230

proposed by Evans and Bache [19]. Crack initiation occurs when the stress

normal to the basal plane within a grain is larger than a critical “cleavage”

stress, evaluated at 1200 MPa by Jones and Hutchinson in the case of HCP

titanium [22]. CP calculations performed on a real microstructure (based on

an EBSD map) showed an excellent agreement with the experimental data.235

Under these simulation conditions, it has been shown that the development

of a basal facet occurs very rapidly during loading cycles.

CP calculations by the same authors showed that one of the most favor-

able conditions for fatigue dwell initiation was to have, as named by Dunne

et al., a microstructure qualified as “rogue grain microstructure”: a “weak”240

grain oriented with its ~c axis almost perpendicular to the direction of tension

and a prismatic plane at 70° to the axis of tension beside a “strong” grain

oriented parallel to the axis of tension.

In our case, it is the defect that concentrates the stresses and not a slip

band at the level of a weak grain. Initiation occurs at the notch edge (which245

is the sharper part of the notch as shown from 3D images [9]) most probably

by cracking of basal planes.
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4.2. Crack propagation from the internal notch

To the best of the author’s knowledge, the only experimental evidence of

internal crack growth at room temperature in a Ti alloy is from a Japanese250

group who has also performed tomography synchrotron experiments (ex situ

in that case)[6]. This data is shown on figure 5. In the literature it has been

assumed that internal fatigue cracks propagate under vacuum conditions.

The long crack data obtained from the SENT experiments in vacuum and in

air are in very good agreement with other work on the same alloy using CT255

specimens [11] (not shown on the curve for the sake of clarity). This data

fits reasonably well (when the uncertainty level is taken into account) with

the crack growth rate measured for the cracks emanating from the notch.

The plastic radius, of our internal cracks has been evaluated using the

following formula [23]:260

rp =
1

6π

(

Kmax

σy

)2

(6)

Where σy is the yield stress of the diffusion bonded material. For all

the samples investigated in this work, and listed in table 2 rp was found to

vary from 5 µm to 15 µm between the beginning and the end of propagation

shown in figure 5 i.e. from 1 to 3 times the grain size. For a crack to

be considered long, its size must be at least fifty times the size of its plastic265

zone [23], or the size of the plastic zone must be larger than the characteristic

size of the microstructure [24]. The cracks emanating from the notches can

be considered as physically short cracks. Comparison with long crack data

should therefore be carried out with caution.
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4.3. Assessment of the vacuum level in the internal notches270

Yoshinaka et al. [25], have studied the propagation of cracks whose sizes

are close to the ones studied in this work but applying a significantly higher

stress. Their data obtained in air fits very well with the specimen with the

surface notch. However the data obtained for the internal cracks in this work

fall above the curve they obtained. This led us to question the vacuum level275

obtained in the artificial notches. As detailed below three strategies were

employed.

4.3.1. Welding under argon

First, instead of welding the two sheets using primary vacuum, Ar gas

was inserted in the chamber. The effects of this inert gas on fatigue crack280

propagation in Ti-6Al-4V are still poorly understood. On the one hand,

Wanhill [26] studied the effect of this gas during tests under dry argon for

different materials: Ti-6Al-4V and an IMI 318 (of the same chemical com-

position) produced in the form of sheets. The textures of these anisotropic

sheets were equivalent, however the grain size in Ti-6Al-4V was twice as285

small. Several tests in different loading directions (to study the influence of

texture) were performed. While all cracking tests led to lower propagation

rates under argon than under air, notable differences were observed in the

behavior of the different materials/stress directions, especially under low SIF

values. Wanhill attributed these differences to the role of the propagation290

regime (short crack versus long crack) on the sensitivity to the environment

(dry argon). Cracking tests carried out by Bache et al. [27] under low argon

pressure (13 Pa) also showed a small decrease in propagation rates of long

cracks compared to tests under air.
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On the other hand, Yoshinaka et al., showed that short crack growth295

could be affected by an inert environment such as argon [25]. An analysis

based on crack growth rates and grain-scale fracture surfaces showed that

short cracks propagating in argon behaved as if they propagate (i) in air for

low SIF and (ii) in vacuum for high SIF. This paradoxical behavior was not

completely explained.300

In this work, it can be seen in figure 4 that the two samples produced

using argon showed the same fatigue lives (at two different stress levels) as

the ones produced under vacuum.

4.3.2. Supplementary heat treatment

The second strategy used to test the vacuum level within the notch was305

to perform a supplementary heat treatment to evacuate remaining traces of

gazes (especially Oxygen). The 3D images of the internal defects allow an

estimation of the volume of air present in the notch. Assuming that the air

is composed of 21.95% O2 molecules and that it is trapped at room tempera-

ture and atmospheric pressure in the defect (limiting case), the number of O2310

molecules present in the notch before SPS could be estimated at 8.9.1011 (as-

suming a perfect gaz behavior at room temperature). A linear extrapolation

of the experimental Ti-6Al-4V oxidation tests at 750°C from Guleryuz and

Cimenoglu [28] for the holding time of 5h was performed. They determined

the mass uptake of the oxide layer per unit area of Ti-6Al-4V at 750°C with a315

constant air flow. Knowing the area of the laser notch, it was estimated that

5.0.1016 molecules of oxygen could have potentially left the notch to form

an oxidized layer. This value is almost five orders of magnitude larger than

the amount of O2 available. It seems probable, therefore, to assume that
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after the supplementary heat treatment the notch has been emptied from320

any trace of oxygen and can be, therefore, considered under vacuum.

Once again it can be seen in figure 4 that the sample submitted to the

supplementary heat treatment showed the same fatigue life as the ones pro-

duced by SPS under vacuum.

4.3.3. Samples with chimney325

For comparing the propagation rate of cracks emanating from notches in

air and in vacuum, a sample with a surface notch has been produced. As

expected the crack growth rate in this case was much higher than those mea-

sured with the internal notches. However, one could argue that the loading

conditions of these cracks are not completely identical. For example shallow330

surface cracks propagate close to the surface of the specimen, where plane

stress conditions prevail while internal cracks might be submitted to plane

strain. The conditions of plane stresses and plane strains can potentially

lead to different closure levels through the plastic zone size they induce. To

solve this problem, a chimney was machined by femtosecond laser to allow335

the internal notch to be into contact with the laboratory air.

Two samples with chimney were cycled. Their normalized lifetimes as

well as those of the specimens with surface defects are reported in figure 4.

This figure shows a strong reduction of fatigue life for the specimens having a

crack propagating in air. Moreover, a clear distinction can be made between340

specimens with surface defects and those with chimneys indicating an effect

of the crack location, probably through closure. From all these experimental

data one can conclude that the method used to produce the speci-

mens with internal notches allows us to reproduce the propagation
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behavior of internal fatigue cracks propagating under vacuum.345

One remaining question is the variability between the da/dN curves of

cracks propagating from internal notches that can be seen on figure 5 and

which cannot be completely accounted for by experimental uncertainty. If

the vacuum level can be excluded, as demonstrated above, the fact that sam-

ples have been imaged at the synchrotron under maximum load could have350

induced some fatigue-dwell mechanisms. The tomography scans lasted only

a few minutes and were performed at room temperature, precisely the condi-

tions which are known to alter significantly the fatigue life of Ti alloys [29].

Such effects are closely related to the local crystallography encountered by

the growing crack and might induce some variability between samples. Fur-355

ther experiments would however be needed to verify this assumption. By

using a smaller voxel size it would be possible to reduce the load on the sam-

ple during tomography. Performing shorter scans (below the minute) could

also be attempted along with optimizing imaging conditions.

4.4. Crack propagation in the fish eye region360

One final and important result brought by the experiments described here

is that we were able to visualize and quantify crack propagation in the

different zones of the fish eye region as explained in what follows.

According to the literature, in Ti-6Al-4V, after initiation (most often on

a basal crystallographic plane), the propagation of an internal crack occurs365

in three regimes, schematically represented in figure 6 a) [8]. First, a short

crack propagates and forms a zone called “Rough Area” (RA). In this re-

gion, the crack interacts strongly with the microstructure leading to a high

roughness. Then, as the crack becomes longer, the crack path becomes more
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Figure 10: Example of quantitative analysis of crack growth rates within the RA and

the FIE region for sample C2. The transition between the two region is determined by

combining optical inspection of the fracture surface and 3D crack fronts obtained from

tomography. For this sample the transition occurs at ∆Ktrans.RA−→FiE .
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planar leading to the so-called fish eye (FiE). Two scenarios can then occur370

depending on where initiation happened within the section. Final fracture

can occur directly from the FiE (as in figure 6 a)) or a third region of stable

crack growth can also be observed [8].

In Figure 6, it is possible to distinguish a first propagation zone which

appears darker, and which resembles the RA region. Then, a relatively flat375

region, appearing lighter under the optical microscope corresponds to the

FiE. In this work, the specimens containing internal notches broke imme-

diately after the FiE zone. The transition zone between the RA and the

FiE can be difficult to evaluate, optical microscopy being the best option,

because of its global scale and its sensitivity to roughness. This transition380

was evaluated for six specimens. The transition occurred at an average value

of ∆Ktrans.RA−→FiE = 9.14 ± 1.19 MPa.
√
m. An example of such a measure-

ment compared to propagation data is shown in figure 10. This figure also

shows da/dN data obtained in the RA and in the FiE. To the best of our

knowledge this is the first time that this type of data is obtained.385

In the literature, Yoshinaka et al. [25] measured a value at the RA to FiE

transition of 9.1 MPa.
√
m for short surface cracks propagating under Ultra

High Vacuum for a bimodal Ti-6Al-4V with a grain size of about 10 µm. In

the case of internal cracks, it is generally accepted that this transition occurs

at a constant ∆K whatever the applied load, as shown by Heinz and Eifler390

who evaluated this transition at 6.36 ± 0.39 MPa.
√
m [30]. A value ranging

between 7 and 9 MPa.
√
m is quoted by Cao and Ravi Chandran [31]. At 100

Hz for load ratios R ranging from -0.3 to 0.5, Li et al. measured a value of

7.16MPa.
√
m at R = 0.1 [32] . Our experimental value for ∆Ktrans.RA−→FiE
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is therefore in good agreement with literature.395

Finally, at the transition, the value of the reverse plastic zone size is

found equal to 3± 1 µm a value close close to the grain size of our material,

in agreement with the findings of Beevers [24]. In spite of the fact that our

internal cracks initiate from relatively large defects the transition between

the two cracking regimes appears to be due to plastic activity at400

the crack tip.

5. Conclusion

Ti-6Al-4V fatigue specimens containing a controlled internal defect were

fabricated by femtosecond laser machining and diffusion bonding. Using

this method, internal crack propagation was followed by synchrotron X-ray405

tomography for six specimens. In total, twenty specimens were tested under

different conditions (environment, position of the defect).

During the fatigue tests, a very fast initiation of cracks was observed, al-

lowing to approximate the lifetime of the specimens to the crack propagation

phase.410

Initiation systematically occurred in the same zone on the introduced

artificial defect. A detailed analysis of the fracture surfaces showed that

cleavage and near-cleavage mechanisms took place.

The propagation of internal cracks has been analyzed. First, the effect

of the environment at the crack tip was studied. It was shown by various415

means that the internal cracks studied propagated in vacuum. A central hole

was machined along the specimen axis allowing air to access the tip of the

internal fatigue crack. By doing this the fatigue lives of the samples were
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reduced by a factor 20 because of faster crack propagation.

The observed internal cracks appeared to propagate in two distinct prop-420

agation regimes: the Rough Area RA and the Fish Eye FiE. Optical mi-

croscopy observations of the fracture surfaces allowed us to evaluate the

transition between these two regimes for a constant stress intensity factor

∆Ktrans.RA−→FiE = 9.14 ± 1.19 MPa.
√
m. Thus, it appears that the transi-

tion from a microstructure-influenced crack to a long crack occurs when the425

size of the plastic zone at the crack tip is equivalent to the grain size.
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Appendix A. Normalisation of S-N curves

Internal notches have been produced in different batches leading to notch550

sizes which ranged from 150 to 240 µm, and inducing a difference in the

initial crack size ai of the order of 25%. In order to compare the fatigue life

of the samples with internal defects, this effect must be taken into account.

A normalization of the fatigue life has been performed as described in what

follows.555

It is known from tomography that crack initiation occurs within less than

10% of the fatigue life. The latter can therefore be estimated using the Paris

law obtained for cracks propagating in vacuum (equation 3) from an initial

length ai to a final length af .

Assuming a formulation of the SIF in the form of:560

K = βσ
√
πa (A.1)

where β is the usual shape factor, σ the applied stress and a the crack size,

the fatigue life of a sample containing an internal defect can be estimated as

follows:

NR =
1

(1− m
2
)βm∆σmπm/2

∫ af

ai

da

am/2
=

1

(1− m
2
)βm∆σmπm/2

[

1

a
m
2
−1

f

− 1

a
m
2
−1

i

]

With af >> ai this equation can be simplified as :

NR ∝ 1

a
m
2
−1

i

= NApprox(ai) (A.2)

This formula (A.2) was used to normalize the fatigue lives of the samples565

cycled in the laboratory. The value of the slope m is taken equal to 11.43,
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which agrees well with our experimental data. The specimen with the small-

est artificial defect was chosen as the reference for normalization. Noting aref

the crack size equivalent to the smallest defect, the normalized life NNorm

of a specimen with a fatigue life NR and an initial equivalent crack size ai570

writes:

NNorm(ai) = NR
NApprox(aref )

NApprox(ai)
= NR

a
m
2
−1

i

a
m
2
−1

ref

(A.3)

The influence of this normalization on the SN curves is shown in Fig-

ure A.11. In this example, specimens from three different batches A, B and

E were used. The first two sets had defects of identical size while the last

one contained smaller defects. After normalization, it can be seen that the575

scatter in the results almost disappears.
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Figure A.11: S-N curves for the ex situ fatigue tests: a) without normalization and b)

with normalization by the initial defect size (equation A.3). Three sets of plates (A, B

and E) were used to produce the specimens. The notch sizes were similar in A and B and

slightly larger than in E
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Appendix B. Quantification of crack growth rate form 3D images

and uncertainty calculation.

In total seven specimens have been cycled in situ at the synchrotron

leading to more than 150 3D images to analyse. The procedure to extract580

semi automatically crack fronts from this large dataset is described in what

follows.

1. For each crack propagation stage investigated, projection along ~z (par-

allel to the loading axis) of the minimum value of the voxel gray levels

in the reconstructed volume using the Z-project function of the ImageJ585

software [9] (Figure B.12 a))

2. registration of all images obtained in step 1

3. Segmentation of the image (grey level threshold) and extraction of the

crack fronts (Figure B.12 b) and c))

4. Fit of the crack fronts Figure B.12 d))).590

The whole sequence is illustrated for sample A3 in figure B.12.

The uncertainty in the position of the propagation curves has been esti-

mated. To do so, one must first evaluate the uncertainty on (da/dN) and on

∆K. The cracks length a is equal to aeq (5). The crack growth rate writes:

∆a

∆N

∣

∣

∣

∣

n

=
an+1 − an−1

Nn+1 −Nn−1

(B.1)

For an internal crack with a projected area equal to a circle of radius a595

the SIF is given by:

∆K = 0, 5
Fmax − Fmin

Ssample

√

π
√
πa2 (B.2)
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Figure B.12: Tomographic image processing procedure. a) Projected image of the crack

of specimen A3 at 400 kcycles. b) Corresponding segmentation. c) Superposition of all

crack fronts observed for specimen A3. d) fitted ellipses.
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The uncertainties estimated for ∆a, Fmax and Fmin at each cycle and for

the sample section Ssample are given in Table B.3.

The error propagation calculation for (∆a/∆N and ∆K) is computed

using the following formula :600

∆f(xj) =

√

√

√

√

∑

j

[

(

∂f

∂xj

)2

∆x2
j

]

(B.3)

Where f is the considered variable (∆a/∆N or ∆K) and xj all the vari-

ables used for calculating f and for which with an experimental error has

been estimated.

∆a ∆Fmax ∆Fmin ∆Ssample

3 pixels (2,16 µm) 20 N 20 N 0,04 mm2

Table B.3: Measurement uncertainties taken into account for the calculations. The error

on the forces was evaluated at twice the error indicated by the manufacturer of the sensor

used. The errors related to the cross-sectional area of the specimen and the crack length

are more subjective. The values taken into account were considered as maximum errors.

The result of this calculation is shown in figure B.13 for sample A3. The

error on da/dN values is small except when the crack has a very short size.605

The error on ∆K is larger but remains constant when the crack propagates.

Overall, for the experimental conditions investigated, the error level remains

acceptable and allows to compare crack growth data for various environe-

ment.
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Figure B.13: Experimental error for sample A3
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