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a b s t r a c t
It is well-known that the initiation and propagation behaviour of small cracks is strongly
inﬂuenced by the microstructure. In addition to the visible structure on the surface, indepth information is essential for the evaluation of inﬂuencing factors. Investigations on
micro-crack behaviour have been performed with intermetallic c-based TiAl. Starter
notches facilitate systematic studies as cracks initiate from notch tips. In this case artiﬁcial
notches in the scale less than colony dimensions were prepared by femtosecond pulsed
laser radiation, which causes no signiﬁcant damage. After multistage tensile compression
tests under increasing load, several small cracks were generated and analyzed in the
SEM. Using femtosecond laser-induced breakdown spectroscopy (fs-LIBS) it was possible
to analyze spectrochemically the surrounding microstructure of these micro-cracks and
their propagation on the surface.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The fatigue damage accumulation of metal-based materials can be divided in to three parts. At ﬁrst micro-structurally
short cracks are initiated due to micro-plasticity. These cracks extend until they reach the size of the so-called physically
small cracks. Both stages of crack growth are strongly inﬂuenced by the microstructure. The ﬁnal stage of the fatigue damage
accumulation process comes about when the worst crack starts to extend towards its critical size. In this stage the time to
failure can be described by linear elastic fracture mechanics (LEFM) [1]. In many cases micro-crack initiation and propagation take up most of the lifetime. Consequently, the damage mechanisms in this regime have to be well understood for safe
component design. A systematic study of small crack extension is rather time-consuming due to the numerous inﬂuencing
factors which govern the crack initiation stage. Hence it is quite hard to get well-deﬁned starting cracks. An alternative may
be to use artiﬁcial micro-notches, e.g. made using the focus ion beam (FIB) technique. Another approach with more rapid
machining rate is given by femtosecond pulsed laser radiation. It was shown [2,3] that micro-cracks are initiated from these
artiﬁcial notches under cyclic loading. Using the fs-laser it has to be made sure that the heat affected zone formed by heat
diffusion during processing is negligible and that the cracks initiated from these micro-notches possess extension mechanisms similar to those of natural small cracks [2].
Small cracks can propagate both intergranularly or transgranularly. A mixture of both extension modes can be observed
in engineering materials with complex microstructure [4], where sometimes a transgranular crack path is observed on the
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Fig. 1. Optical image of microstructure of the Ti–43Al–4Nb–1Mo–0.1B alloy.

surface and the same crack extends along phase boundaries in an intergranular mode or vice versa. Therefore a three-dimensional analysis of the crack path is crucial in understanding micro-crack growth. New insights in this problem may be gained
by using the fs-laser again. Laser-induced breakdown spectroscopy (LIBS) combined with femtosecond laser radiation offers
spectrochemical element analysis with a high spatial resolution in the range of lm [5]. Ablation of the material surrounding
a crack on the sample surface using fs-LIBS can provide a useful tool for examining three-dimensional crack propagation in
dependence of the local microstructure.
2. Material
Investigations of paths of micro-cracks were performed with an intermetallic c-TiAl alloy. Because of its good speciﬁc
properties up to 700 °C this material class is a promising candidate for structural components of turbines and combustion
engines. Conventional c-TiAl alloys consist primary of colonies with lamellar arranged hard a2-phase (Ti3Al, hexagonal
DO19 structure) and relatively soft c-phase (TiAl, tetragonal L10 structure). Optional heat treatment causes segregation of
globular c-grains and leads to a duplex or near lamellar microstructure.
There are numerous studies on the inﬂuence of microstructure on crack initiation and crack growth in lamellar titanium
aluminides. The experiments show [6–10] that micro-cracks are initiated within the colonies in directions parallel to the
lamellae. The angle between the initiation plane and the loading direction is either around 90 ± 15° or 45 ± 15°. This is in
agreement to the planes of maximum tensile and shear stresses, respectively, on lamellar interfaces, where the cohesive
force is expected to be low. In the ensuing extension phase the crack may propagate in a translamellar or an interlamellar
way or it can extend along colony boundaries. In all cases Mode-I is the most likely crack propagation mode. Cracks can be
retarded if they have to cross lamellae as more energy is needed for the transgranular crack extension mode than for the
intergranular one. A crack can be stopped, if it encounters lamellae with an orientation which strongly deviates from the
crack plane.
In this study the relatively new texture-free b-solidifying cast TNM alloy with the following chemical composition Ti43Al-4Nb-1Mo-0.1B (at.%) was used. Fig. 1 represents the etched microstructure of this alloy. Lamellar colonies have the size
of 50–500 lm and typical lamellae thicknesses up to 2 lm. Distinctive colony boundaries comprise globular c-grains and the
third b-phase (bbc solid solution or B2 ordered variant). Existing porosity and Ti-boride segregations are a consequence of
casting without Hot Isostatic Pressing (HIP) and the presence of Boron, respectively.
3. Femtosecond pulsed laser technique
The femtosecond laser system consists of a Ti:Sapphire fs-oscillator (Femtosource Scientiﬁc Pro, Femtolasers) and a
Chirped-Pulse Multipass Ampliﬁer (Femtopower Pro, Femtolasers). Pulses of 500 mW with a duration of 35 fs and a wavelength of 800 nm are generated at a repetition rate of 1 kHz. Single-shot control of the laser system enables different operation modes, i.e. single-shot, multi-shot and kHz mode. The laser radiation is guided to a modiﬁed microscope using a mirror
system. A coupling mirror within the tube of the microscope allows changing between observation mode (for specimen positioning and observation) and fs-pulse mode. The positioning accuracy of the system is 10 nm. Fig. 2 gives an overview of the
experimental setup.
In the experiments femtosecond pulses are focused through a microscope objective (50, N.A. 0.5) onto the sample. As
the energy of the laser pulse exceeds the threshold for material ablation, a plasma is created on the specimen surface.
The emitted plasma luminescence is collimated and guided into a spectrometer by an optical ﬁbre. A gated intensiﬁed
CCD camera is used to record the emission spectrum of each single laser pulse. Analysis of the characteristic lines emitted
by the plasma enables the detection of speciﬁc elements in the material. Additionally the intensity of these emission lines
can be related to the number of atoms of the element in the plasma and is a convenient way to determine the local chemical
composition of the material in question and therefore its microstructure.
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Fig. 2. Schematic illustration of experimental setup.

Another application of fs-LIBS in materials engineering is the analysis of crack paths in the early stages of crack initiation
or growth. The signal is reduced signiﬁcantly when crossing a crack as the ablated volume of the material is diminished. Both
aspects of fs-LIBS are used in the following to study the extension of small cracks in a TiAl-intermetallic alloy.
4. Experiments
4.1. Analysis of material phases with energy dispersive X-ray technique
Energy dispersive X-ray technique (EDX) was used in order to obtain reference values for the phase composition. The results are summarised in Table 1. It should be noted that analysis of c- and a2-phases were done on wide lamellae. However
the values can be somewhat uncertain as Monte Carlo simulations of electron interaction in such phases show that the interaction volume can exceed the lamellae size. Nevertheless EDX measurement results from the literature [11–14] on similar
alloys possessing globular microstructure are comparable to present ones. Much more precise measurements with three
dimensional atomic probe (3DAP) microscopy on lamellae [15] show slight differences in the chemical composition of a2phase with a ratio of 59.20:32.41 at.% (Ti:Al).
4.2. Micro-crack initiation
Micro-cracks were initiated in smooth specimens under stepwise increasing loading and under fatigue loading. The ﬁrst
test was performed by using a smooth ﬂat specimen with an hourglass shape. The load train started with a tension–compression load cycle with a small load leading to a stress level of 50 MPa in the smallest cross section of the specimen. The maximum load was increased in steps in the following cycles. First deviations from linear elastic behaviour were detected at a
stress level of 400 MPa. The ﬁrst micro-cracks were observed at the load level of 625 MPa. The specimen fractured at a maximum load of 655 MPa with a fracture strain of 0.56%. The small value of the fracture strain indicates that the material is
relatively brittle and that a small increase of the load may lead to catastrophic failure by unstable extension of a micro-crack.
After fracture several micro-cracks were detected in the vicinity of the fatal crack which were analysed in more detail using
fs-LIBS.
The second test was a regular load-controlled push–pull fatigue test (R = 1) with a cylindrical specimen. Smooth notches
were introduced on two sides which allowed to observe the specimen surface during the test with the help of a travelling
long-distance optical microscope. Fracture occurred after 151,062 load cycles at a load level of 400 MPa, corresponding to the

Table 1
EDX results of chemical composition of major phases (at.%).
Phase/segregation

Ti

Al

Nb

Mo

c
a2

51.13
55.91
57.09
83.43

43.51
38.95
34.68
1.59

4.28
4.18
5.20
12.76

1.08
0.96
3.04
2.22

b/B2
Ti-boride*
*

Boron is not listed because of its low atomic weight and consequently high measurement errors.
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Fig. 3. Crack initiation and propagation in TiAl-alloy depending on microstructure: ((a) optical image after 150,000 load cycles and (b) SEM micrograph of
fracture surface with the pore).

Fig. 4. Micro-crack initiation from an artiﬁcial notch.

onset of plastic deformation in the afore mentioned quasi-static tests. Fig. 3 shows how the fatal crack was ﬁrst initiated
from a large pore, then had a certain amount of microstructure controlled growth and reached a size just below its critical
size after 150,000 load cycles. A detailed analysis of the pore after the fracture showed that it had a maximum diameter of
about 32 lm at the surface and 65 lm in depth direction.
A third test was performed using artiﬁcial notches introduced at well-deﬁned locations in the microstructure, see Fig. 4.
The size of these notches was deﬁned on the basis of the results of the second test, as the artiﬁcial notches have to be larger
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than the fatal natural ﬂaws for obvious reasons. The sizes of the notch were 70 lm length, 20 lm width, and about 20 lm
depth, with the depth depending on the parameters of the laser system. The load level was selected to be just below the
plastic limit (375 MPa). The lifetime of the specimen amounted to 435,835 load cycles until ﬁnal fracture. However, the crack
shown in Fig. 4 was not the fatal one, but was initiated just before failure occurred. The fatal crack started from the backside
of the specimen.

4.3. Laser-induced breakdown spectroscopy of micro-cracks and phases
In order to develop the mapping technique for micro-crack analysis by femtosecond laser-induced breakdown spectroscopy, the lateral resolution of fs-LIBS was determined in the ﬁrst step. For this purpose SEM micrographs of surface modiﬁcations induced by fs-material processing at different laser ﬂuences were investigated. In these SEM micrographs different
morphologies are apparent in the single- and multi-shot mode (Fig. 5a left and right, respectively). These morphologies are
due to different processes induced by fs-laser radiation in the focal point on the sample surface (Fig. 5b). Depending on the
local intensity these processes are: heterogeneous melting, homogeneous melting, vaporisation and phase explosion (see
Fig. 5).
At laser ﬂuences below the threshold for material ablation, two regions can be detected in the SEM corresponding to two
different melt dynamics. The lighter region on the outside (within the dashed line in Fig. 5a left) is attributed to resolidiﬁed
melt induced by heterogeneous thermal melting already taking place at very small laser ﬂuences below the threshold for
material ablation. The ring structure (dotted line) is attributed to homogeneous non-thermal melting, i.e. ultrafast melting,
due to a larger intensity in the central region of femtosecond laser excitation still below the threshold for ablation [16]. The
diameter of the ring structure relates to the threshold ﬂuence for ultrafast melting. The droplet formation of the ring is due to
the surface tension present during resolidiﬁcation [17]. The thickness of these melting layers is associated to the optical
absorption length of the metal at the applied laser wavelength being in the range of tens of nanometers [18]. Therefore
the material modiﬁcations in this area are negligible. As soon as the laser ﬂuence exceeds the threshold for material ablation,
further structures are visible. At medium ﬂuences a smooth ablation structure is created with an outer diameter referred to
Dout, representing the region of melt ejection. In this regime normal vaporisation takes place [19], in which the melt phase is
laterally displaced due to the recoil of the expanding vapour [20]. At higher ﬂuences the ablation crater itself becomes visible
due to phase explosion of the now superheated melting layer [19]. The inner diameter Din is detected gradually in the SEM
micrographs for increasing laser ﬂuence. Applying several laser pulses at the same spot of the sample, the characteristics
discussed above are more distinct even at small and medium laser ﬂuences due to accumulation effects [19,21]. The outer
diameter Dout is larger than the inner diameter Din for increasing pulse energy (Fig. 6). As the chemical sampling at one ablation spot is of main interest, the outer diameter represents the relevant quantity for the mapping technique describing the
strongly inﬂuenced area during laser ablation (determined via SEM analysis).
For fs-LIBS the signal strength of the plasma luminescence is of central interest. In order to be able to analyze the spectrochemical information during the fs-LIBS mapping, a sufﬁcient signal of the plasma luminescence is required. Fig. 7 shows
the line signal of TiAl at 395 nm as well as the continuum signal at line position against the pulse energy for both single- and
multi-shot mode. Spectra are described in more detail below (see also Fig. 8).
With increasing pulse energy, the line signal for a single-shot can be detected distinctly from the corresponding continuum signal at 200 nJ. In this pulse energy regime the outer diameter of the ablation structures has increased signiﬁcantly.
However at small diameters, i.e. small pulse energies, no signiﬁcant line signal is detected. In order to overcome this problem, multi-shot irradiation is used (10 shots per position), whereas the spectra were accumulated on the ICCD-chip. At 20 nJ
pulse energy a poor line to continuum signal ratio is achieved. Additionally the outer diameter is about 50% larger compared

Fig. 5. (a) SEM micrographs of ablation structures at 100 nJ pulse energy (left: single-shot; right: 10 shots) and (b) calculated radial intensity distribution in
the focal point on the sample surface (for a N.A. 0.5 objective). Dashed line: threshold for heterogeneous melting; dotted line: threshold for homogeneous
melting; dash-dotted line: Threshold for vaporisation; solid line: threshold for phase explosion.
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Fig. 6. Inner and outer diameter versus pulse energy at single-shot and multi-shot mode.

Fig. 7. Line signal of TiAl at 395 nm and continuum signal at line position versus pulse energy at single- and multi-shot mode.

Fig. 8. Averaged emission spectra of pure aluminium (99.9%), pure titanium (Grade 2) and TiAl.

to the single-shot diameter. In the case of 100 nJ pulse energy the line signal is distinctly detectable from the continuum
signal. This could be attributed to an increased ablation efﬁciency [22]. The corresponding outer diameter only increases
by 15% compared to single-shot irradiation. As a compromise between sufﬁcient LIBS signals and a high spatial resolution,
respectively, a pulse energy of 100 nJ with 10 laser shots per position is chosen.

1880

W. Wessel et al. / Engineering Fracture Mechanics 77 (2010) 1874–1883

As is mentioned above, the chemical sampling at an individual ablation spot is of main interest for this scanning mapping
technique. Therefore an optimal lateral step size between the individual ablation spots is crucial. This means a compromise
has to be found between a maximal spatial resolution (small step size with overlapping ablation craters) and a minimally
inﬂuenced region of the adjacent ablation structures (no overlapping). To determine this parameter, several two-dimensional fs-LIBS scans have been performed each with different distances between the ablation spots. Down to a step size of
2 lm, the LIBS signal is constant and decreases below this value. This is consistent with the detected inner diameter of
1.6 lm of the ablation structures. By choosing a step size of 2 lm the regions of melt ejection (Dout) are slightly overlapping,
but there is no overlap of the ablation craters (Din) (Fig. 6). Note that for three-dimensional mapping an approach with uniform material removal has also advantages. In summary the following parameters for two-dimensional fs-LIBS mapping
were chosen: a pulse energy of 100 nJ (corresponding to an intensity of 1.9  1014 W/cm2 and a ﬂuence of 6.5 J/cm2), 10
shots per position and a lateral step size of 2 lm.
For spectrochemically resolved fs-LIBS mapping, the characteristic emission spectra of the sample system (i.e. the characteristic emission spectra of all constituents) in the observed spectral region have to be known. The detected emission spectra of aluminium, titanium and TiAl show characteristic lines and continuum emission as displayed in Fig. 8. These averaged
spectra were taken for pure aluminium (99.9%) and titanium (Grade 2) samples, which were polished before irradiation.
The emission spectrum of aluminium features two lines at 394 and 396 nm, which are not resolved separately by the
spectrometer used in this experiment. The emission spectrum of titanium consists of many lines being in good accordance
with data from NIST spectroscopic database. Both titanium and TiAl emission spectra have been measured for different pulse
energies (100–1000 nJ) ensuring that the ratio between the maximal line signals is constant. Furthermore, the linear combination of the reference spectra matches the TiAl spectrum for the same pulse energies very well. This calibration set has
been used in order to extract qualitatively the fraction of aluminium and titanium at every measurement point (details will
be given in the following).
5. Results
During the fatigue test, a micro-crack was initiated from the notch in Fig. 4, which ﬁrst propagated in an interlamellar
mode. This is also true for the propagation in depth direction. After crossing the intercolonial phase it continues in a pure
mode-I propagation mode. Crack growth was retarded due to the fact that both crack tips encountered unfavourably oriented lamellae after a certain amount of crack extension. That is why ﬁnal fracture was caused by a crack emanating from
a large subsurface pore on the backside of the specimen. Further investigations of micro-crack initiation from the micronotches are under way.
With the mapping parameters determined in Section 4.3, a two-dimensional scan of a TiAl surface with simultaneous
detection of the fs-LIBS signal was performed. The investigated TiAl sample (TNM, see Section 2) exhibits very small micro-cracks which were initiated by microindentation points used for geometric calibration (Fig. 9a). The micro-crack on
the left-hand side has a width of about 2.2 lm, the one on the right-hand side about 1.2 lm at indicated positions in
Fig. 9a.
During the fs-LIBS scan, one accumulated spectrum (consisting of 10 single-shot spectra) is detected at each
single ablation spot. After subtraction of a constant background each spectrum has been integrated over the spectral
region shown in Fig. 8. The signal strength at each point is plotted in a two-dimensional graph, i.e. a fs-LIBS map, in
Fig. 9b. The dominating feature is the microindentation. As both micro-cracks are clearly detectable, a lm-resolution of this
two-dimensional fs-LIBS mapping technique is achieved. An enlargement of the detected micro-crack on the left-hand
side is shown in Fig. 9c for further inspection. Furthermore a SEM micrograph of the sample surface after fs-LIBS is shown
in Fig. 9d with an enlarged view of the ablation structures (inset) demonstrating the spatially separated laser-induced
structures.
The fs-LIBS data of the surface scan in Fig. 9 were analyzed as is described in Section 4.3, getting a spectrochemically resolved mapping of the sample surface and the micro-cracks at the same time. Fig. 10 shows fs-LIBS maps in which the titanium fraction (a) and the aluminium fraction (b) of the investigated sample surface are plotted, respectively.
In Fig. 10a again both the microindentation and the micro-cracks are clearly visible. The two lamellar phases (see Fig. 1 in
Section 2) cannot be detected by fs-LIBS as their lateral dimensions are below the spatial resolution of this actual setup.
Therefore the LIBS signal in this area (i.e. ablation volume) is a mixture of both phases resulting in averaged titanium and
aluminium fraction values. The lighter regions indicated in Fig. 9a correspond to the colony boundary (b-phase) which consists of a higher titanium fraction compared to the mixture of the lamellar phases as seen in the EDX measurements (Table
1). This can also be seen from the anticorrelation between Fig. 10a and b within the highlighted areas. As the TNM alloy consists mainly of titanium and aluminium, a rise in titanium fraction corresponds to a drop in aluminium fraction and vice
versa.
A preliminary crack path analysis using fs-LIBS was performed on the secondary cracks found in the ﬁrst test. A SEM
micrograph of this crack is displayed in Fig. 11a. The fs-LIBS scan was performed with the mapping parameters mentioned
in Section 4.3. The normalized titanium signal (Fig. 11b) qualitatively shows an increase in the area of the colony boundary
(b-phase) which corresponds to EDX measurements (Table 1). The more uniform signal on the left-hand side of the microcrack is due to a difference in height of the sample surface after fracture. The lower level with respect to the laser focus position results in an overall decreased LIBS signal.
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Fig. 9. (a) Optical image of sample surface before ablation, (b) fs-LIBS map, (c) enlargement of fs-LIBS map at micro-crack position, and (d) SEM micrograph
after fs-LIBS scan.

Fig. 10. Fs-LIBS maps of the same sample surface as in Fig. 9a: ((a) titanium fraction and (b) aluminium fraction in a smaller area of interest).
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Fig. 11. (a) SEM micrograph of sample surface before ablation and (b) fs-LIBS map.

6. Conclusion
By combining fs-LIBS with a scanning microscope, a setup was developed which possesses spectrochemical sensitivity
with spatial resolution in the lm range, and allows crack reconstruction on the lm scale. In this work a lateral step size
of 2 lm was demonstrated.
Future work will concentrate on further developing this technique for three-dimensional crack reconstruction and threedimensional spectrochemical analysis. In order to increase the spatial resolution, current research is focused on investigating
to what extent temporal structured pulses on the femtosecond and picosecond time scale increase the spectrochemical sensitivity. A similar idea was used in micromachining of dielectrics where asymmetric pulses led to structures one order of
magnitude below the diffraction limit [23,24].
Three-dimensional crack reconstruction together with spectrochemical sensitivity on the lm scale will help to understand the extension mechanisms of small cracks and their interaction with microstructure.
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