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ABSTRACT Well-defined starter cracks at preselected sites in the microstructures are needed for sys-
tematic investigation of the characteristic features of microstructure controlled growth of
small cracks. A kinked ellipsoidal micronotch with very high notch factor at the trailing
kink is proposed, which triggers controlled crack initiation along the notch contour.
These micronotches can be machined by femtosecond laser ablation with virtually no
heat-affected zone at the edges. Crack growth results obtained for an intermetallic y-
"TiAl alloy are presented as an illustrative example.
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NOMENCLATURE
b = notch width

a = crack (notch) depth

crack initiation and propagation; fatigue crack growth; intermetallic compound;
microcrack; notched specimen.

¢ = half length of surface crack (notch)

da/dN = crack growth rate

AK = range of stress intensity factor

¢ = strain
o = stress

INTRODUCTION

Fracture mechanics methods for generating valid crack
growth data for long cracks are well-established and are
widely used both in research and in industrial application.
However, a large part of the lifetime of a component sub-
jected to fatigue loading is spent in the small crack regime
in which cracks strongly interact with the microstructure
and long-crack data are not applicable.

It is common practice to gather information about the
small crack regime using smooth specimen with cracks be-
ing initiated at natural defects. This has the advantage that
the shape of the cracks is similar to those found under ser-
vice conditions in the actual component. On the other
hand, initial conditions and boundary conditions are not al-
ways well-defined, which, in turn, may lead to difficulties
when analysing the crack growth data. Additionally, other
factors can impede observation of stable crack growth. A
typical scenario is the following: When a material system
is under development, it may still contain comparatively
large defects (e.g. pores from insufficient densification),
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which cause failure after comparatively few load cycles.
Even though it is obvious that these defects will be eventu-
ally removed by optimizing the processing routine, it is not
possible at this stage to estimate the material’s potential re-
sistance against stable extension of small cracks, unless a
starter crack is introduced from which small cracks are ini-
tiated more rapidly than from the fabrication defects in
question.! Graded materials or material joints represent
another case in which local crack growth data are needed.
Initiation and growth of small cracks can normally readily
be observed in one phase (the soft one in general), but no
observable cracks can be initiated in any of the other phases
prior to failure of the specimen.” Yet, another example is
crack growth starting from internal cracks. Recently, this
phenomenon has gained increased attention within the
framework of understanding very high cycle fatigue’ as
the crack growth rates of internal cracks can be determined
experimentally by doing experiments in vacuum with arti-
ficial surface cracks of the same size as the natural cracks.
Small artificial crack-initiating notches are required to
solve these problems. The size of these ‘crack starters’ has
to be comparable to the length scale of the microstructure,
and it should be possible to place them in the vicinity to
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microstructural features of interest. A classical paper on this
subject is that in Ref. [4] where attempts were made to
start small cracks from surface pits introduced by
electrodischarging or by laser machining. These attempts
failed because of secondary cracks (electrodischarging) or
because of thermal interaction with the adjacent material
(laser machining). In case of laser machining, a nanosecond
laser with pulse duration of 3 ns was used, leading to round
‘pits’ with a diameter of 2040 um and a heat-affected zone
of a few micrometres. In a more recent approach,
controlled initiation of microcracks was achieved by
introducing micronotches using focused ion beam (FIB)
machining.® These notches were placed at preselected
microstructural features such as grain boundaries, and
controlled microstructurally dominated crack growth was
observed. However, this method is rather time-consuming.
Moreover, the size of the specimen is limited because of the
restriction imposed by the FIB equipment. An alternative
approach is micromachining using femtosecond (fs) laser
ablation."”"® An experimental technique for defining
micronotches from which short edge cracks could be
initiated is described in Ref. [11]. At first, an edge cutis intro-
duced using a razor blade, and an FIB cut is placed at the
notch tip in order to obtain a sufficiently sharp notch tip.
Compression precracking, which is widely used for studying
crack growth in the threshold region of long cracks (see, e.g.
Ref. [12]), could also be used if the edge cut is large enough.

In all these cases, the notch geometries used were
fairly simple as the materials in question were quite duc-
tile, and a comparatively moderate stress concentration at
the notch tip was sufficient to trigger localized slip and
eventually crack initiation. More sophisticated notch ge-
ometries are called for, if the material in question is
highly notch sensitive with low fracture toughness and
has high crack growth rates. This problem is addressed
in this paper. In the first section, notch manufacturing
by fs laser ablation is briefly described, and the geometry
of the starter notch is defined. Then, the experimental
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Fig. 1 Schematic set-up of the fs-laser-machining device.

methods used in the fatigue tests are explained. The section
on MICROCRACK INITIATION AND GROWTH
contains some crack growth data obtained with these
methods.

DEFINITION OF MICRONOTCHES

Femtosecond laser beams with ultrashort laser pulses of
high energy density can be used for material machining
with extremely high precision."*™* Virtually, no heat-
affected zone is formed at the edge of the ablation zone
because of the extremely short duration of the pulse. This
is related to the fact that there is reduced energy diffusion
in the lattice during machining in contrast to machining
with conventional nanosecond and picosecond lasers.
During such an ultrashort pulse, the material is directly
ablated as plasma, which moves away from the ablation
spot in a unidirectional manner. If the remaining debris
is removed, for example, by a constant air flow, very steep
edges can be made with negligible heat-affected zones.
Hence, notches of predefined shapes can be placed in
a material using fs laser machining. Figure 1 gives an
overview of the experimental set-up, which is described
as follows: The fs laser system consists of a Ti: Sapphire
femtosecond oscillator (Femtosource Scientific Pro,
Femtolasers, Vienna, Austria) and a Chirped-Pulse
Multpass Amplifier (Femtopower Pro, Femtolasers).
Pulses of 800 mW with duration of 35fs and a wave-
length of 790nm are generated at a repetition rate of
1 kHz. Single-shot control of the laser system enables dif-
ferent operation modes, that is, single-shot, multishot
and kHz mode. The laser radiation is guided to a modi-
fied microscope using a mirror system. A coupling mirror
within the tube of the microscope allows changing be-
tween observation mode (for specimen positioning and
observation) and fs pulse mode. The positioning accuracy
of the system is 10 nm. The incoming fs pulses are then
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focused through a microscope objective (50x, N.A. 0.5)
onto the sample. As the energy of the laser pulse exceeds
the threshold for material ablation, the material is di-
rectly transferred into a plasma state.

For a given sample system, the amount of ablated ma-
terial depends on the energy and the pulse duration ap-
plied. One shot produces a semispherical hole of about
1.4-1.6 pm diameter with the parameters described in
Ref. [1] for the intermetallic TiAl alloy considered in this
study. A larger volume of material is removed by placing
shots next to each other and by repeated ablation at the
same point. Moving the sample relative to the laser focus
according to a predefined trajectory, different notch
shapes can be manufactured. To remove the ablated ma-
terial properly, a continuous airflow is applied to the in-
teraction region via a combined set-up of a micronozzle
and compressed air. This machining method has the ad-
vantage of being very versatile with respect to notch
shapes both on the surface and in depth direction as well
as fast processing times. Operating in kHz mode, the ma-
chining time for one kinked elliptical notch (see details
later in the text) is about 6:40min, for one V-shaped
notch about 8 min. One can achieve even shorter pro-
cessing times with higher repetition rates and a more so-
phisticated triggering.

Two geometries of micronotches are considered in
this study. The first one is a V-shaped notch with a hex-
agonal extension on the surface (Fig. 2). This notch was
machined by ablating similar hexagons with decreasing
area in depth direction. This notch shape was defined be-
cause of its angular shape, which leads to comparatively
high notch factors in any potential extension direction
and hence is suitable for surface or in-depth initiation
of a crack.

The second notch was defined using the line of think-
ing that was originally used for the chevron notch in ce-
ramic materials.'® A trailing kink in the notch line leads
to very high notch factors. Consequently, a crack is very
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Fig. 2 V-shaped notch with schematic machining sequence (top
view and side view with schematic illustration of successive layers).
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likely to be initiated at this point. The first regime of sta-
ble crack extension will be spent in smoothing the notch
front, and a sharp well-defined crack front will develop in
the specimen. This idea, which had originally been devel-
oped for generating through-wall cracks in ceramic ma-
terials, was transferred to the case of the surface cracks.
Hence, a micronotch was defined with a trailing kink
along the notch front with a shape as shown in Fig. 3.

This kinked ellipsoidal micronotch was machined by
ablating first narrowing elliptical contours with relatively
high ablation energy (1.2 uJ) in the deep section of the
notch and then wider ellipses with reduced ablating en-
ergy (200nJ) in the shallow section of the notch with
the goal of increasing the machining accuracy and of
sharpening the edges.

A finite element analysis using ABAQUS code (Fig. 4)
was employed for determining the stress concentration
factors along the notch contour with the rounding of
the sharp notch tips caused by the minimum ablation vol-
ume taken into account. Adaptive meshing was used with
the refinement of the tetragonal elements limited both at
the notch contour and at the boundary. The notch geom-
etry was selected as 2¢=130 um, #=55 pm and =35 um
for both notches. The V-shaped part of the notch in
Fig. 2 had a length of 20 um, whereas the kink of the
notch geometry shown in Fig. 3 was located at a distance
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Fig. 3 Kinked elliptical notch. (a) Design geometry (top view and
side view). (b) Realization using fs laser machining.
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Fig. 4 Stress field in the vicinity of the trailing edge of the kinked elliptical notch (100 MPa nominal load).

of 12 um from the surface and 20 pm from the notch tip.
Linear elastic isotropic material behaviour was used in
both cases, and the c-axis of the notch was placed perpen-
dicular to the loading direction.

The stress concentration factor (defined as local von
Mises stress value divided by nominal stress value) along
the notch contour had maximum values of around 6.2 at
the notch tips for the V-notch, whereas values as high

Ti-46.5A1-2.5V-1.0Cr (TAC-2-FL)

as 14.3 were obtained at the trailing edge of the kinked
elliptical notch (Fig. 4). Typical notch geometries had
lengths between 80 and 140 pm with the depth varying
from 10 to 40 pm. The width varied with the depth be-
cause of manufacturing restrictions; an opening ratio of
a/b=1 or less was achieved in all cases. These dimensions
are the ones that lead to successful starter cracks in the
case of the fully lamellar y-TiAl studied in the succeeding
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Fig. 5 Stress—strain curve: Ti-46.5A1-2.5V-1.0Cr in fully lamellar condition.
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text. Smaller notches can be manufactured with the limi-
tation being the single-shot ablation volume of the mini-
mum pulse energy necessary for ablation, but no cracks
will be initiated in this case as it was shown in Ref. [17].
A finite notch width of 10 to 40 um has to be chosen
for machining purposes.

The maximum stress concentration factor of the
kinked ellipsoidal notch is located at the trailing kink as
it was anticipated. Crack initiation is very likely to start
here. The crack front will progress in a controlled man-
ner until a smooth notch/crack contour of approximately
semi-elliptical shape is reached. It is then very easy to ini-
tate a semi-elliptical surface crack, as there is already a
sharp crack tip at some part of the notch contour. Differ-
ent locations of the kink along the notch contour can be
machined easily by changing the computer-controlled
ablation path and/or the ablation energy conferred on
the material by the laser.

FATIGUE TESTS

The usefulness of the optimized micronotch in studying
extension of small cracks is illustrated using an interme-
tallic y-TiAl alloy in fully lamellar condition. The size
of the lamellae colonies varied between 100 and
1500 pm (in the direction of the lamellae orientation).
"This material has very limited ductility at room tempera-
ture as it can be seen from the stress—strain curve given in
Fig. 5 and a fracture toughness of about 10 MPay/m.
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Consequently, this material is very notch-sensitive.
Additional difficulties for observing stable crack exten-
sion stem from the fact that this material system is still
under development and frequently contains pores or
other natural defects causing failure. At loads just below
the elastic limit, interlamellar cracks are formed within
some colonies that are difficult to find because the
amount of crack opening is very small. Hence, it is very
hard to obtain valid crack growth data from observing
the damage accumulation on the specimen surface.'’
Therefore, cracks emanating from micronotches were
studied instead.

Flat hourglass specimens were used with a total
length of 32.5 mm, a width of 4mm in the gauge sec-
tion and a thickness of 2.3 mm. The radius of curvature
of the side notches was chosen in such a way that the
area of observation (i.e. area of constant stress) was
maximized (altogether 33 mm?) and the stress concen-
tration factor at midsection was minimized to
a,=1.03. Figure 6 shows the geometry and the stress
field in the specimen.

Kinked ellipsoidal micronotches were placed at
predefined locations in the observation area using fs laser
ablation. Figure 7 shows an example of a prepared speci-
men with micronotches.

The specimens were subjected to load-controlled cy-
clic loading in fully reversed loading condition with max-
imum load just below the elastic limit. Periodic scans of
the observation area were made during the test using a
travelling long-distance optical microscope. Thus, the
damage accumulation process on the surface could be

Fig. 6 Specimen geometry and finite element analysis of specimen, normal stresses at 100 MPa.
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Fig. 7 y-TiAl specimen containing micronotches.

closely monitored. In particular, it was possible to simul-
taneously observe crack initiation and crack growth for
all the active micronotches on the surface of a given
specimen.

MICROCRACK INITIATION AND GROWTH

Altogether, three specimens containing 30 micronotches
were tested. Similar to the examples shown in Fig. 7, the
manufactured micronotches were placed within a colony
(see, e.g. notch #10 in Fig. 7) or on a colony boundary
(example notch #7 in Fig. 7) with some notches being ori-
ented in a direction parallel to the lamellae (e.g. notch
#11 in Fig. 7) and others perpendicular to the loading di-
rection irrespective of the lamellae orientation (e.g. notch
#12 in Fig. 7). Observable microcracks were initiated
from about 39% of the notches. All of the cracks propa-
gated parallel to the lamella direction, if the notches in
question were placed within a lamella colony, or some-
times also along the colony boundary, if the root of the
crack-initiating notch was placed there. Figure 8 shows
the microcrack initiated from notch #15 as a typical
example.

The crack velocity within one colony was rather
high, typically up to 1072 mmcycle ' or even higher,
but could still be resolved with the given equipment
by taking frequent scans. The observed crack paths
(Figs 8 & 9) and the large amount of scatter (Fig. 10)
in the crack growth rate indicate that the cracks
emanating from micronotches were indeed micro-
structurally small cracks similar to those that are
initiated in the material without a starter notch. This
is confirmed by the fact that there is no significant
difference between the crack growth rates of notch-
initiated cracks (full symbols in Fig. 10) and those
of natural cracks (open symbols in Fig. 10). Note that
the title on the y-axis in Fig. 10 reads ‘da/dN’ in
agreement with a standard notation, but actually,
the projected value of the surface-crack length ¢ is
depicted. The range of the stress intensity factor K
was determined for each crack using the stress inten-
sity factor for semi-elliptical cracks with the crack
length ¢ on the surface defined as the projected
length perpendicular to the loading axis and the
depth # determined from the equilibrium value of
the aspect ratio #/c=0.825. All tests were performed
under fully reversed loading (R=-1); hence,
K=K

Fig. 8 Crack initiated from micronotch #15.
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Fig. 9 Microcrack initiated without a starter notch.
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Fig. 10 Crack growth rates in fully lamellar y-TiAl; full symbols, cracks initiated from micronotches; hollow symbols, no additional starter
notch; o, microcracks with visible interaction with the lamellae; ¢, intermediate cracks with partial translamellar mode-I extension; A,
mode-I cracks (long cracks grown from microcracks); - - -, estimated crack growth law for long cracks.

Most microcracks were stopped at the first colony
boundary. If this first barrier was breached, the crack
growth velocity increased rapidly and failure was immi-
nent. After crossing the colony boundary, cracks gener-
ally extended in a translamellar mode perpendicular to
the applied load; that is, they became long fracture me-
chanics cracks.

CONCLUSION

Micronotches can be introduced into a material using fs la-
ser ablation. These notches act as crack-starting elements

and can be used to initiate well-defined small cracks, which
interact with the surrounding microstructure. Kinked el-
lipsoidal notches with a trailing kink in the notch contour
trigger crack initiation in a very controlled way. It has been
shown that cracks generated by this method are
microstructurally short cracks, which interact with the mi-
crostructural barriers in the material; that is, intermittent
crack growth can be studied in a controlled way.
Micronotches machined by fs laser ablation are com-
peting with controlled microcrack initiation using FIB.
The advantage of laser machining lies in considerably
shorter machining times (fs laser takes less than 7 min
for the notches used here, whereas an FIB notch of

© 2014 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2015, 38, 673—-680
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comparable size takes at least 40 min or even longer) and
controlled ablation in depth direction due to adjustable
ablation energy. The last point is very important when
kinked notch contours are made. A further advantage is
that ablated material can be easily removed using some
blowing device with air. The FIB machining, on the
other hand, has the advantage that the micronotch can
be positioned very precisely in the microstructure using
a high-solution scanning electron microscope, whereas
an optical microscope is part of the laser-machining de-
vice. At present, contours containing features with di-
mensions below 1-2um are beyond the resolution
power of the laser system used, whereas very fine features
can be easily introduced with the FIB.
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