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Fatigue specimens designed with controlled internal defects were obtained by diffusion bonding of Ti- 
6Al-4V sheets containing femtosecond laser drilled notches. Crack initiation from the internal defect 
occurred systematically. The cracks were characterised by in situ synchrotron X-ray tomography. Propaga-
tion rates are lower than those of surface cracks of comparable sizes in the same material and fall between 
experimental data obtained for fatigue cracks propagating in air and in vacuum.

The vastmajority of failures ofmetallic industrial components are

due to mechanical fatigue. Most of the time, fatigue crack initiation

occurs at the surface of the metallic parts where plastic deforma-

tion is facilitated by lower constraint, plane stress, etc. However, in

some cases – such as low applied stress (resulting in very long life

times), parts with surface treatments inducing compressive residual

stresses, large internal defects, etc. – an internal crack can initiate

and lead to component failure. Several studies have been conducted

to understand the mechanisms of the propagation of internal fatigue

cracks [1]. Despite this relatively large amount of work, many ques-

tions remain unanswered such as the precise location of internal

crack initiation, the relation between crack growth and the local

microstructure, internal crack propagation rates, etc. Due to this lack

of knowledge, the design ofmechanical components can be very con-

servative. There are commonly two ways to study internal fatigue

cracks. As the environment plays a key role on crack propagation
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rates [2], one can assume that internal cracks behave like surface

cracks propagating in high (or ultra-high) vacuum. Thus, internal

crack growth rates can be deduced from classical fatigue tests per-

formed in controlled atmospheres such as vacuum, argon, etc. [3-7].

A critical issue with this approach is that the exact environment at

the tip of a fatigue crack in a metal is not known and remains a

topic for discussion in the literature [8]. The second method con-

sists in studying directly internal cracks initiated from natural [8-11]

or artificial [12] defects. Such measurements have to be made non-

destructively and in the bulk of samples. In the gigacycle regime,

some researchers have used frequency analysis during cycling and

fracture surfaces to evaluate the number of cycles required for ini-

tiation and propagation [13]. This indirect method relies strongly,

however, on the Paris law of the internal cracks which, as explained,

is not known accurately. Recently, the growth rate of internal fatigue

cracks has been reported for Ti and Al alloys [8-10]. The authors

showed with synchrotron X-ray tomography that the internal crack

growth rates are lower than those of surface cracks. The experimen-

tal data remain however limited as those experiments have to be

carried out in a limited time (typically one to three days of beam
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time) and are dependent on crack initiation on natural defects which,

by essence, have scattered geometries and sizes.

To overcome those problems, we have developed a method

described in this paper to produce artificial internal defects inside

metallic tomography fatigue samples without altering the material

microstructure. These defects lead systematically to internal crack

initiation, which allowed to plot a first series of propagation curves

that is discussed in this article.

The method described here (schematically summarized in Fig. 1)

is inspired from the work of A. Weck et al. [14] who have used fem-

tosecond laser machining to produce model materials in order to

study monotonic fracture. The same type of machining was used

in our study: shallow sharp notches were obtained at the surface

of thin (∼1mm) sheets of commercially available Ti-6Al-4V alloy

(ASTM F 136-13 standards). A Yb:KGW femtosecond laser (PHAROS

from Light Conversion, Inc.) was used to generate linearly polarized

laser pulses at a center wavelength of 1030nm with pulse dura-

tion of 300 fs, and a repetition rate of 10 kHz. The laser beam was

perpendicular to the sheets surfaces and focused using a 20× micro-

scope objective in ambient atmosphere. The combination of a Glan

polarizer and a half wave plate was employed to vary the laser

power which was set at 100mW. The sheets were mounted on a

computer-controlled xyz translation stage (Aerotech ANT130XY-Z)

and illuminated from the top to enable monitoring the laser micro-

machining process with a CCD camera. The laser ablation process

was performed by translating the sheets relatively to the station-

ary laser beam in a back and forth motion (6 times) at the speed

of 0.1mm/s to create 200 l m wide, 200 l m deep and 20 l m thick

grooves. The sheets were then placed in an ultrasonic bath for 5min

to remove debris from the laser ablation process.

After mechanical polishing down to 1 l m (diamond suspension)

and ultrasonically cleaning up with acetone for 5min, the notched

sheet was diffusion bonded to another similarly polished sheet using

a Spark Plasma Sintering (SPS) device HP D 25 of FCT Systeme Com-

pany. A load of 2 kN was applied by the punches on the two sheets

put into contact. The chamber was evacuated and put under primary

vacuum (PV) (∼100Pa) during the whole thermo-mechanical pro-

cess. The applied loadwas adjusted to 37kN resulting in a pressure of

15MPa on the Ti-6Al-4V sheets. Then, the thermal cycle consisted in

a heating rate of 100 ◦C/min up to the soaking temperature at 750 ◦C,

a holding time of 10min and finally a cooling stage at 20 ◦C/min

down to 400 ◦C. Further, the sheets were naturally cooled down to

room temperature. Fatigue specimens were machined around the

drilled defects by Electrical Discharge Machining (EDM). The posi-

tioning of the notches in the sample gage length (±10 l m) was

ensured by X-ray radiography prior to EDM. Finally, the samples

gage lengths were manually polished (2500grit SiC paper) to obtain

a circular cross-section of about 1mm in diameter and avoid surface

crack initiation at corners.

The grain structure of the SPS bonded material was characterised

using Electron Back Scattered Diffraction (EBSD) in a scanning elec-

tron microscope (Zeiss Supra 55 VP with field-emission gun). Fig. 2

shows an Euler grain orientationmap containing the Diffusion Bond-

ing Interface (DBI). The microstructure is composed of the hcp alpha

phase (surface fraction ∼94%) with bcc beta phase at the grain

boundaries. The average a grain diameter is 4.4 lm. The DBI is almost

undetectable in secondary and backscattered electron modes; no

voids nor intermetallic phases were found, indicating a very good

joining of the two sheets. DB was carried out at a temperature lower

than the Ti-6Al-4V b transus (980 ◦C), so that the initial equiaxed

alpha/beta duplex microstructure was retained, with no phase trans-

formation upon cooling. Besides, the growth of alpha grains has been

avoided by the high heating rate, the low holding temperature and

short holding time during the SPS cycle.

This differs from the findings of Dong et al. [15], who observed

a clear evolution of crystallographic texture in the alpha phase

Fig. 1. Method of production of the fatigue specimens. The Diffusion Bonding Interface (DBI) is shown in orange.



Fig. 2. (a) EBSD Euler map and (b) Phase map (alpha phase in blue and beta phase in red) of the alloy microstructure: the diffusion bonded interface (DBI) can hardly be detected

(vertical region in the center of the black braces). Scan was performed at a magnification of ×500 with a step size of 200nm.

between basematerial and interface after diffusion bonding at higher

temperature (920 ◦C) for longer time (90min). Some grains cross the

interface, indicating the onset of recrystallization after efficient join-

ing, as already observed by He al. [16] on a Ti-6Al-4V laminate also

bonded by SPS at equivalent temperatures range.

A tensile test was carried out after the DB process with the stress

axis contained within the DBI. The sample gage length was 15mm

and the applied strain rate was 2 •10−4 s−1. The tensile properties of

the two sheets before and after DB are similar, which shows that the

bonded material exhibits similar properties to those of the original

material (Table 1).

Uniaxial fatigue tests (R=0.1, f=20Hz) were performed in situ

at the ESRF synchrotron facility on ID19 beamline using a fatigue

device described in Ref. [17]. A maximum stress smax between 400

and 520MPa was used to ensure that, at the beginning of the test,

the stress intensity factor (SIF) range DKwas between the SIF thresh-

old DKth air for cracks growing in air and DKth vac for cracks growing

in vacuum [7, 18, 19] for Ti-6Al-4V with equivalent microstructure.

During the tomographic scans, the sample was held in tension at

smax in order to hold the crack open and facilitate crack imaging.

Images were captured using a pink beam at 60keV with a CMOS PCO

5.5 detector (2048 × 2048pixels). 2500 radiographs were acquired

with an exposure time of 0.05 s and a voxel size of 0.72 l m, leading

to a scan duration of 3min and a field of view of about 1.5mm.

For on-line reconstruction and validation of the experiment, we

used the tomographic algorithms described in Refs. [20] and [21].

After a first tomographic reference scan, the method used was as

follows: (i) cycle the sample (ii) acquire a tomographic scan (iii)

reconstruct a sub volume around the notch (iv) measure the crack

size using a projected view along the stress direction (v) adjust the

number of cycles taking into account the propagation rate, etc. After

initiation, the cracks were observed to grow globally inmode I with a

regular and almost circular shape (see Fig. 3 (a)); small reconstructed

Table 1

Tensile properties of Ti-6Al-4V sheets.

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

sub-volumes (typically 2048 × 2048 × 150voxels) were sufficient to

follow crack growth, allowing to analyze quantitatively crack growth

nearly in real time. The six samples/propagation curves presented in

this paper were obtained during four days of beamtime.

Fig. 3 (b) shows a typical fracture surface observed by scanning

electron microscopy. The cracks systematically initiated at the arti-

ficial notch and propagated through the sample’s bulk leading to its

failure.

Crack initiation systematically occurred after a limited number of

cycles (less than 5% of the specimens lifetimes). This study therefore

focuses on the propagation of such cracks. From Fig. 3 (c), it can be

seen that the cracks appear to be delayed at the DBI region (until ∼
half of the lifetime). A change in propagation rate was also observed

by Dong et al. and explained by the variation in crystallographic

microtexture around the DBI [15]; such a variation has not been

observed in the present study. One explanation could be that the

shape of the notch (wedge shape, see Fig. 3 (a)) tends to favor crack

initiation away from the interface. To check this assumption, Finite

Element calculations would be needed to examine the stress concen-

tration factors/the SIF at the early stages of the propagation induced

by this geometry. Even if the laser parameters could be optimized

to produce a sharper notch with a smaller opening of the notch, this

retardation effect is limited and the cracks quickly acquire a regular

circular shape. At that stage, the crack length is more than 20 times

larger than the grain size, therefore they can be considered as long

cracks. Because of this circular shape, SIF calculations are more accu-

rate than in the case ofmicrostructurally short cracks with a complex

shape such as in the work of Serrano et al. [10]. These cracks can

therefore be compared with confidence with data from the litera-

ture obtained on macroscopic samples. At the end of the sample’s

lifetime, the growth rate of the part of the crack front closer to the

sample surface appears higher than that of the other part of the front.

From the data of Fig. 3 (d) some da/dN = f(DK) curves can

be derived (nominal DK values i.e. no closure correction). As in the

work of Yoshinaka et al. [9] a global value of the crack size and of

the SIF is computed using the
√
area parameter introduced by Y.

Murakami [22]. It can be seen from Fig. 3 (d) that the equivalent size

of the crack aeq1

aeq =

√

area

p
(1)

1 assuming the shape of a disk of radius aeq .



Fig. 3. (a) Sections views of the defect before and after fatigue testing. (b) Fractography of the A2_int specimen. (c) Projected views of the crack front at different stages of

propagation. The Diffusion Bonding Interface is represented by an orange dotted line. (d) Crack growth rate over the number of cycles for different polar angles plotted in (c).

is a very good estimation of the average crack size. For DK, the

following formula is used:

DK = jsmax(1 − R)

√

p
√
area (2)

where j is equal to 0.5 for internal cracks and 0.65 for surface cracks,

area is the projected area of the crack onto the plane perpendicular

to the loading axis and R the stress ratio.

The resulting da/dN curves shown in Fig. 4 were obtained on six

specimens as summarized in Table 2.

The data obtained for the surface crack are in good agreement

with those obtained by Yoshinaka et al. [9] for the same material,

giving us confidence in the ability of the in situ experiments to extract

meaningful data in spite of the samples reduced size.

All the internal cracks obtained propagated at lower rates than

those measured for surface cracks, which is consistent with previous

studies [8-10]. As suggested by several authors for Ti [4] and Ti-6Al-

4V alloy [3, 5-7], those lower crack growth rates can be linked to

the crack tip environment i.e. a lower oxygen content than in air.

Based on literature data on the kinetics of Ti alloys oxidation, the DB

conditions (10min holding time @ 750 ◦C) are such that the notch

surface should oxidize and no more O2 molecules should be present

in the notch [23-25]. Hence, our da/dN data should superimpose on

those obtained by Yoshinaka et al. for surface cracks growing in Ultra

High Vacuum (UHV) or internal cracks [9].

Nevertheless, the literature data shows that even a very low par-

tial pressure of oxygen can affect drastically the growth rate of a

surface crack, and particularly in the near-threshold regime [6-8, 26].

For example, Oguma et al. [6] showed that for a similar Ti-6Al-4V

alloy, a vacuum level variation from 2.7 •10−5 to 1.3 •10−1 Pa resulted

in a variation in the crack propagation rate from 7.4 •10−11 to

1.0 •10−9 m/cycle forDK = 8MPa • m1/2 (R=0.1 – long crack regime

– K decreasing). Yoshinaka et al. also found that – for the same DK –

a vacuum level variation from 5 •10−6 to ∼105 Pa resulted in a vari-

ation in the crack growth rate from 3.0 •10−11 to 5.0 •10−9 m/cycle

(R=0.1 — small crack regime). In addition, McClung et al. [27] dis-

covered that a vacuum level lower than 1.33 •10−4 Pa was sufficient

to remove environmental effects whereas Chapman et al. found that

a vacuum of the order of 10−3–10−4 Pa was not [8] (at elevated tem-

perature). From these findings, one can assume that if vacuum levels

inside the artificial notches should be better than the moderate vac-

uum of the SPS, it might not be as low as what can be assumed based

on oxidation data. This hypothesis is in agreement with the fact that

the argon specimens (C2 and C3) have the lowest values of da/dN

for all the DK values investigated. The injection of this neutral gas

probably evacuated more efficiently the oxygen molecules outside

the notch and led to a lower partial pressure of oxygen before DB.



Fig. 4. (a) Samples sketches cross sections with the notch geometry for surface and

internal crack monitoring. (b) da/dN curves of all the specimens tested compared to

the literature data [9].

It could also explain the variability observed between samples (for

samples A4 and A3 for example). Thermal treatments @ 750 ◦C and

different holding times after SPS DB could be carried out to try to bet-

ter control the environment inside the notch and further understand

its influence on the fatigue lifetime.

To conclude, a novel method for characterising internal fatigue

cracks has been successfully developed. Specimens with internal

defects with a controlled shape were produced and efficiently tested

in situ enabling the observation of internal cracks propagation. This

method can potentially be extended to other metallic materials that

can be joined by diffusion, such as steels and cast iron. Various shapes

of internal defects could also be experimented to study the transient

regime of internal propagation leading to a circular crack front.
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Table 2

Summary of the in situ fatigue tests conditions and results.

Specimen SPS conditions Maximum stress

(MPa)

Fatigue life

(×103 cycles)

A7 (surface)
Primary vacuum

(PV) ∼100Pa
320 87

A4 (internal) PV 435 150

A2 (internal) PV 530 45

A3 (internal) PV 430
415

(Not broken)

C2 (internal Ar)

PV +

Argon injection

before DB

(Ar≥99.99%)

455
718

(Not broken)

C3 (internal Ar)

PV +

Argon injection

before DB

(Ar≥99.99%)

443
980

(Not broken)
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