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Abstract

Fatigue and fracture mechanics testing is strictly regulated by standards that specify a minimum specimen size. How-
ever, when component sizes or material volume decrease below this limit, test methods need to be adapted for small
scales. In fatigue crack growth studies, experiments become complex and challenging. Thus, there is lack of system-
atic scale-bridging studies from meso- to micro-scales on ductile materials. This study outlines a method to bridge
this scale gap by performing meso-scale studies. Cantilver bending specimens with a cross section of 50x50 um? and
a lever arm length of 200 um of nanocrystalline nickel, as a model material, are milled by Xe plasma focused ion
beam technique and tested following ASTM E647 standard. The gathered da/dN-curves are highly reproducible. The
threshold stress intensity factor AK}, is obtained by step-wise load reduction and discussed in context of crack closure.
So, not only the gap between macro and micro-scaled testing was bridged, but also a pre-cracking step was shown to
be essential for obtaining reliable data, and a new method to determine the intrinsic threshold stress intensity factor
was introduced.

Keywords: fatigue crack growth, fatigue threshold, micro-mechanic, FIB

1. Introduction 1son fracture strength determination, but mostly on brittle
19 metals and starting with a FIB notch [5, 6, 7, 8, 9]. Fa-
20 tigue mechanics is mostly applied to thin films [10, 11]
21 and is, therefore, experimentally difficult to adapt to
22 bulk materials. Eisenhut et al. [12] implemented fatigue
2s  crack growth studies by monitoring the crack length us-
2 ing a compliance technique. Gabel et al. [13] tested
25 cantilevers in fatigue resulting in failure though grain
2 growth. Fatigue crack growth is even more challeng-
27 ing because the crack has to grow in a defined geome-
2s  try and the crack length has to be monitored every cy-
20 cle. Griinewald et al. [14] described a method for fa-
s tigue crack growth in micro-specimens with focus on
a1 analysing the interaction of cracks with microstructural
s aspects of a material. Gabel et al. [15] studied fatigue
s crack growth in tungsten and metallic glass, both brittle
s materials, with micro-cantilever testing for single can-
s tilever size. However, with regard to extending testing
s standards, it is important to establish a method to char-

*corresponding author a7 acterise the fatigue crack growth across length scales.

Email addresses: j.luksch@matsci.uni-saarland.de s Because the size limits of the standards are usually con-
(Jutta Luksch), aloshious.lambai@tuni.fi (Aloshious Lambai), 4 servatively set, it is difficult to determine reliable ma-

gaurav.mohantyCtuni.fi (Gaurav Mohanty), w terial parameters for small specimens or small material
f.schaefer@matsci.uni-sb.de (Florian Schaefer), |
4 volumes.

motz@matsci.uni-sb.de (Christian Motz)

For macro-scale testing, there have been numer-
ous standards for the characterisation of fatigue crack
growth for more than a century. In the last decades,
driven by ongoing miniaturisation and through further
development of testing techniques, new size scales have
opened up for materials testing at smaller scales. Mean-
while, size effects in the mechanical behaviour of mate-
rials have been determined through the transition from
the macro-scale, that can be described in terms of con-
tinuum mechanics, to the nano-scale, with its atomisti-
cally determined effects [1, 2, 3].

While size effects in quasi-static testing have been
the focus of numerous works, fatigue and fracture-
mechanical size effects have only been scarcely inves-
tigated over the length scales from the nano- via micro-
to the meso- and macro-scales [4]. There is a lot of work
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However, these size effects do not occur in every ma-
terial at the same critical size, but depend strongly on
the material properties and the kind of test. In this con-
text, ductile materials proved to be particularly critical
for fracture mechanics [16, 17].

While enormous progress has been made in testing
equipment for nano-scale and micro-scale specimens in
the last ten years, the testing of meso-scale specimens
continues to poses great challenges in terms of both fab-
rication and testing. On one hand, until now, the spec-
imen fabrication at the meso-scale e.g. bending can-
tilevers of 50x50x200 um3 and even larger, was critical
due to limitations in milling volume of Ga focused ion
beam technique (FIB). On the other hand, testing de-
vices are usually nanoindenters that have been limited
to smaller displacements and testing forces. However,
testing the evolution of size effects in ductile metals can
be expected in that meso-scale size regime, because the
size of the plastic zone in front of crack tip is of the
same order of magnitude as the specimen’s ligaments
itself [18]. Thus it is hard to avoid that the cracks pro-
cess zone is affected by the free surface. Therefore, it is
mandatory to examine all scales from micro over meso-
to macro-specimens, especially with the aim to expand
the lower limit of applicability of the testing standards.
In macroscopic testing of fracture-mechanical param-
eters, the test is usually carried out in two steps, as
specified in the respective standards (i.a. ASTM E399,
ASTM E1820, ISO 12737 [19, 20]). In the first step, a
crack is initiated, starting from a notch, though fatigue
tests and subsequently this pre-crack is tested in a quasi-
static tensile test in the second step. A pre-crack with
a small plastic zone is absolutely essential for reliable
fracture toughness determination. The same holds true
for the evaluation of crack growth curves and the thresh-
old for fatigue crack growth, AKy,, in ASTM E647 [21].
For the determination of AKy, it is mandatory to do
a load decrease test (LDT) instead of a constant load
test (CLT) as the crack growth curves. In a LDT, the
crack tip can grow sufficiently out of its prior plastic
zone. This is important because, otherwise, the residual
stresses in the plastic zone would close the crack and
affect the fatigue crack growth threshold value. Thus,
determination of AKy,, starting from a pre-crack with
constant or increasing load amplitude, or even from a
notch without natural crack tip, is invalid.

The adaptation of macroscopic experiments and proce-
dures to the meso-scale requires some adjustments to
specimen preparation and the limited possibilities of the
experimental set-up at small scales. Starting with the
specimen preparation, a FIB is used in most cases when
the specimens are to be milled from solid material. Test-
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ing with the classical compact-tension (CT) specimen
geometry or 3-point-bending is extremely time consum-
ing. The taper angle from FIB is challenging, which
makes correct alignment and, thus, force application
hard to reach. Furthermore, 3- or 4-point-bending is
a frequently used geometry in macro fracture mechan-
ics. Here again, the force application and handling of
the specimen must be considered. Supporting the spec-
imen on loose bearings and placing the specimen on the
fixture is currently not feasible at small length scales.
From these considerations, the bending of a cantilever
mounted on one side, which is a half 3-point-bend test,
is found to be feasible as well as suitable for fracture
mechanics investigations [17, 22].

In this study, fatigue crack growth on the meso-scale
is considered, because it links the state of the art mi-
cromechanical testing and standard macroscopic test-
ing. Therefore cantilevers of 50 x 50 x 200 um?® are
chosen for the meso-scale fatigue crack growth, de-
scribed by the characteristic values AKy, and the Paris
exponent m and coefficient C. These data, from sta-
ble crack growth, are gathered from a CLT starting
from a pre-crack whereas the AKy, determination test is
done in LDT. Cantilevers with geometry ratio of thick-
ness B: width W :lever arm L of 1:1:4 and height 50 ym
were fabricated on nanocrystalline nickel (nc-Ni) which
shows ductile behaviour.

2. Consideration of macro test standards

Fatigue crack growth testing is standardised, espe-
cially in ASTM E 647 [21]. For a later classification
of the results in relation to the conditions of the macro
standards and for a possible proposal of a meso stan-
dard, important quantities are presented in the follow-
ing.

The minimum specimen size (B, W) and the ligament
length W — a are defined for a crack of length a as:

(o)
W-a=-x|=L],

T Oy

ey

where K] is the stress intensity factor and oy is the yield
stress of the material. The pre-factor 4/x leads to a con-
servative estimation of the minimum specimen size. For
a sensible estimation of the minimum specimen size, it
is necessary to look at the size of the plastic zone ry,
which also depends on K; and oy. According to Irwin
[23], 7, can be theoretically estimated by:

1 (K
=—x|—]. 2
Ipl o (O'y) ( )
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Using these estimates, the minimum specimen size is
eight times the size of the plastic zone and the question
arises if this factor is valid over all size regimes. Es-
pecially for the J-integral estimation, Paris suggested to
use the expansion of the zone in which separation of
material takes place [24]. Starting from these estimates,
the range between micro- and meso-scaled specimens
offers the opportunity to identify the cut-off of standards
which has hardly been investigated so far.

3. Method

nc-Ni with an average grain size of about 30 nm, pro-
duced by pulsed electro-deposition (PED), was chosen
as a model material. To obtain a desired 30 nm mean
grain size, 1 g/L saccharin and 0.02 g/L butynediol
were used as additives [25]. nc-Ni has been previously
used to validate and benchmark micrometer scale test
methods because due to small grain size, hundreds-to-
thousands of grains are typically investigated providing
”bulk” results [26, 27, 28]. The material exhibits ductile
behaviour in addition to a high tensile strength of almost
1700 MPa [29]. Firstly an edge with an opening angle
of 45° was prepared metallographically until the final
oxide polishing (see Fig. 1 (a)). The cantilever prepa-
ration was performed with a FIB/SEM Xenon Plasma
Focused Ion Beam (PFIB, Thermo Fisher Helios PFIB
G4 CXe). The first milling step at 2500 nA beam current
defines the location of the beam and cleans the space for
nanoindenter positioning and movement. The contours
of the cantilever were cut in several steps with gradu-
ally decreasing beam current until final dimensions of
50x50x225 um?® were reached. The final polishing was
done with 60 nA beam current to produce a sufficiently
smooth surface quality in an acceptable time. The can-
tilevers were manufactured with a small radii at the tran-
sition to the solid material to minimise stress concentra-
tions.
In the final step, a notch was made to act as a stress con-
centrator and as the initiation point for the crack. The
notch was cut with a current of 300 pA and to a depth of
about 2.2 um (see Fig. 1 (b)). Due to high reproducibil-
ity four specimens were fabricated, three to determine
the crack growth rate in the Paris regime and one to de-
termine AKy,.
As in macroscopic tests a lower stress ratio promotes
crack initiation by a combination by tensile and com-
pressive stresses. Thus, cantilevers were loaded in com-
pression and tension with a stress ratio of R < 0. This
is challenging in meso- and micro-scale testing because
most testing systems are nanoindentaion devices and are
designed for loading in just one prominent direction.

195

Figure 1: (a) Sketch of the macro-specimen shape of the 45 ° wedge
with detail of the cantilever, (b) SEM image of a cantilever with a
cross section of 50x50 pm? and a length over 200 um to guarantee a
lever arm of 200 um. The inset shows an exemplary FIB cross section
of a notch with a depth of 2.2 um.

For this purpose, a gripper was made from a tungsten
carbide needle (Fine Science Tools GmbH) also using
the PFIB. For the LDT and CLT, after crack initiation,
a cono-spherical tip with a nominal diameter of 10 um
was used with R = 0.1 loading.

The micromechanical experiments were carried out
with an in-situ nanoindenter from Alemnis in a W-
filament SEM (LEO, Zeiss). Cyclic loading for pre-
cracking was performed with a R ratio of -0.2 to -0.3,
maximum force of 130mN and a frequency of 25 Hz
using displacement control (see Fig.2 (a) - (c)). Sinus
shaped displacement profiles were used. After monitor-
ing the crack length on the front and back side of the
cantilever, the recording of the crack growth rate data or
the load reduction for AKy, determination, described in
Figure 2 (d) - (), was performed.

The crack growth measurement was done with a R ratio
of 0.1 and a frequency of approx. 1Hz (displacement
controlled with force limit). Here, the force amplitude
was slowly increased step-wise until a growth of the
crack due to a drop of the stiffness can be detected. For
da/dN measurements the maximum force was then kept
constant until the beginning of unstable crack growth
and thereafter, the test was stopped manually. Unstable
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Figure 2: The experiment is divided in two parts, pre-cracking (a) - (c): pre-cracking with a double-sided loading with a gripper (R < 0) (a),
quasi-static force versus displacement data with artefact from the gap (b) and pre-cracking with 25 Hz (c), da/dN measurement: (d) - (f): crack
growth with a single-sided loading (R = 0.1) with a cono-spherical tip (d), the related force versus displacement data at the beginning of crack
growth (e) and at the stable crack growth where stiffness changes over cycles (f).

crack growth was inferred from rapid increase in dis-
placement amplitude. In contrast, for the determination
of AKy, the load amplitude was gradually, but slowly,
reduced until the crack shows a crack growth rate below
1078 mm per cycle for 10 000 cycles. This limit is in the
order of magnitude of one lattice plane per cycle.

For post-examination, the crack length was again mea-
sured from the front as well as the back side of the
specimens in the FIB/SEM. To analyse the crack path
through the specimen, individual specimens were ex-
amined using FIB/SEM serial sectioning tomography.
A beam current of 60nA and a step size of 200 nm as
well as rocking polishing with half angle of 10° were
used to minimise curtaining at the crack flanks. In addi-
tion to SEM images, EBSD maps were collected from
the AKy, specimen every 5 um.

The evaluation of the data, outlined in Figure 3, was
done with MATLAB® (The MathWorks Inc.). First, the
stiffness of each unloading cycle was calculated. As Al-
freider et al. [30] have shown, by means of experiment
and simulation, for an a/W ratio between 0.2 and 0.8, a
linear relationship of stiffness and a/W ratio can be as-
sumed. Accordingly, the averaged crack lengths of the
front and back sides of the cantilevers, and at the begin-
ning and end of the da/dN measurements, were taken
and the calculated stiffness was used to determine the
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crack length in each cycle. The derivative of the crack
length gives the crack growth rate da/dN. For this pur-
pose, as recommended in ASTM E 647, a polynomial
fit was made over a span of 40 values. The AK is calcu-
lated using the geometry function for cantilevers derived
by Wurster et al. [31] with the force amplitude of each
cycle. From these calculations, the crack growth curves
plotted in Figure 3 (b) are obtained. The slope m in the
Paris regime is calculated via a linear (power-law) fit af-
ter a logarithmic weighting of the data to ensure a good
fit quality.

The same procedure is used to evaluate the load reduc-
tion experiment, except that the final crack length is de-
termined by FIB tomography due to its massive influ-
ence on AKy, as well as its more difficult determination
by SEM due to a more closed crack.

To assess the results of the crack growth investigation on
50 um beams, macro fatigue specimens were made from
the material and also tested with R = 0.1. The tests were
carried out on a resonance pulsator (Rumul Mikrotron
from Russenberger Pruefmaschinen, Neuhausen a.R.
(CH)) and the crack length was determined using the
direct current (DC) potential-drop method. Due to the
different environment compared to vacuum, a macro test
was also carried out in an argon inert environment. For
this purpose, the specimen holder was encased in a box
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Figure 3: Evaluation scheme of da/dN and AK data.

that was flushed with argon gas during the experiment
under slight over-pressure.

4. Special Considerations for Meso-scale Testing

The comparison of meso-scale testing to the macro-
scale testing is challenging several aspects, as discussed
in details below:

In-situ SEM testing. In the order of a few tens of wums,
an examination in a microscope for positioning and ob-
servation is essential. Usually, SEM devices are used
due to their high depth of focus and resolution down
to the nanometre range. In comparison to macro test-
ing in fracture mechanics, testing is thus carried out in
a vacuum. This has to be taken into account when con-
sidering crack closure effects due to oxidation and will
be discussed later in detail.

In-situ indenter. At the mirco- and nano-scale, in-situ
nanoindenters from different companies are available.
With the up-scaling of the specimens to the range of a
few 10 um, a higher maximum load is required in ad-
dition to a good force resolution. The development of
the in-situ nanoindenter goes hand in hand with the de-
velopment of being able to produce larger specimens.
A special requirement exists in the fatigue tests due to
the bi-directional loading and thus the use of tensile and
compressive forces. In addition, due to the large num-
ber of cycles to be applied during fatigue, a device that
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can reach high testing speed or frequency is required.
This not only reduces the duration of the test, but also
minimises the influence of thermal drift [32]. A low
stiffness of the cantilever results in a larger displace-
ment at the same force. When increasing the test fre-
quency, large displacement amplitudes are critical for
testing devices. Thus, a device with a very stiff frame is
advantageous.

Specimen manufacturing. When scaling up the speci-
mens, it should be noted that the surface of the speci-
men has a certain roughness, especially in the case of
nc material, due to strong curtaining at high FIB cur-
rents. Because of the large surface area of the speci-
men, this cannot be further reduced with less beam cur-
rent when considering efficient fabrication time. How-
ever, the total specimen volume is also larger, so that a
slightly higher roughness, which occurs in particularly
in the lower half of the cantilever, is not expected to af-
fect strongly the crack growth in the upper half of the
cantilever.

The R = —1 challenge. Applying tensile and compres-
sive loads requires either a force- or form-fitting connec-
tion from indenter tip to the specimen. A force-fitting
connection can be realised by SEM-glue as Lavenstein
et al. [33] reported for cyclic loading of cantilevers.
Disadvantages are the limitation by the strength of the
SEM-glue and the bad reproducibility. For a form-
fitting connection specially manufactured grippers are
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required that deform the cantilever. In this case, it is
necessary to produce the grippers with the FIB, as well,
since such individual grippers are not commercially
available. When controlling the nanoindenter, it must
be taken into account that the gap required for thread-
ing and loosely deforming the cantilever leads to a wide
zero transition (see Fig. 2 (a)-(c)), which is challenging
for the test protocols available for or implementable to
the indentation device. To apply different forces the de-
sign of the gripper can be adapted and the reproducibil-
ity of the load application is given.

Crack length determination. The determination of
crack length is already a challenge in macro fracture
mechanics testing. According to the standards, the
initial crack length and the final crack length are re-
quired for most testing procedures, especially when us-
ing the potential-drop method, to calibrate the in-situ
crack length determination. Here, in addition to mea-
suring on the surface with replica technique or optical
microscopy, the fracture surface is often examined af-
ter the failure of the specimen. With the latter method,
a clear difference in the fracture surface between the
initial crack and crack growth must be recognisable;
this is not the case with the fracture surfaces exam-
ined here at meso-length scales. Therefore, the initial
crack length must be determined non-destructively. The
only way to do this is to extract this from SEM im-
ages of the specimens from the front and back side (see
Fig.4). To check the crack contour across the specimen,
a FIB serial sectioning tomography of the specimen was
made. As shown in Figure 5 (a), the average of front
and back side crack length slightly underestimates the
actual crack length as in macro-testing due to a change
in the stress condition on the specimen surfaces. How-
ever, since the initial crack length can only be deter-
mined from the mean value of the front and back side,
the same method is chosen for the final crack length as
proposed by the standards, too.

AKy, measurement with force amplitude reduction. In
macroscopic testing of AKy,, after creating a pre-crack
in the specimen, the load is continuously reduced until
the crack stops growing. Such a test procedure is hard to
implement in most meso-scale testing devices and was
not done yet, to the best knowledge of the authors, es-
pecially since there are not a large number of specimens
available to find the optimal test parameters. Thus, for a
first-time, implementation of a protocol for the determi-
nation of AKy, starting from a pre-crack, with iterative
(step-wise) load reduction was performed. In addition
to an accurate load selection, a large number of cycles

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

(b)

Precrack front

(© N, i

Figure 4: Procedure of crack length determination (a) SEM image of
the whole cantilever after testing, (b) SEM image of the initial crack
from front side of the cantilever, (c) SEM images of the final crack
from front and back side of the cantilever.

must be applied per load step in order to be able to ex-
clude further crack growth reliably.

5. Results and Discussion

5.1. Experimental Results

The da/dN versus AK curves from all three meso-

scale specimens tested are shown in Figure6. The
crack growth changed to unstable behaviour at AK of
7 and 8, respectively. The slope in the linear range for
all specimens, m, is 4.88 with a standard deviation of
0.1266. The meso-cantilever measurements are repro-
ducible. The slope is higher than the data for the ma-
terial in macroscopic crack propagation measurements
in air with a Paris exponent m of 3.01 with a standard
deviation of 0.2475. The specimen tested in Argon en-
vironment shows no deviation from the other macro-
specimens tested in air.
With a fourth meso-scale specimen, a load reduction
was performed after the pre-crack to determine AKjy,.
The result is shown in Figure 7 along with one of the
constant load experiments for comparison. With the
load reduction at an R of 0.1, a AKy;, between 2.8 and
3.4 MPa +/m is obtained.

5.2. Comparison to macroscopic results

In the following, the results of the presented method
for crack growth investigation are classified as meso-
scale with regard to the macro results (see Fig.8). For
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Figure 5: (a) diagram of the crack length measured in FIB serial sec-
tioning tomography and (b) SEM images from FIB tomography in (a).

this purpose, the results are divided into the stress inten-
sity threshold, the near-threshold regime and the Paris
regime. First, however, the stress state and crack clo-
sure effects are discussed.

Due to the small size of the specimen, the assumption
of a plane stress state is quickly made, but it should be
noted that all dimensions, including the height of the
specimen, are small. This leads to a plane strain state in-
side the specimen and a plane stress state on the surface
comparable to macro-specimens. Obviously, the thick-
ness of the surface layer of the specimen affected by the
image forces on the dislocation at meso-scale increases
relatively as the specimen width dimension decreases,
but for a nc grain structure, the influence of the image
forces can still be considered to be negligible for a can-
tilever size of 50 um. This consideration is important
with regard to plastic induced crack closure [34].

Crack closure in general occurs when the crack flanks
meet each other during the unloading of the specimen
before the applied tensile stress is zero and thus the
load at the crack tip decreases prematurely, although
an external stress is still applied and also occurs with
pure tensile loading [35]. With this in mind, the effec-
tive stress intensity factor AK.g, measured just when the
crack is really open, is derived from the applied stress
intensity factor AK,, and the crack closure stress inten-
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Figure 6: Plotted da/dN over AK values for the three tested specimens.
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Figure 7: Result of the AKy,, load reduction, measurement combined
in a diagram with a constant load measurement to classify the mea-
surement

sity factor AKy.

AKer = AI(eipl - AKy 3)
The following crack closure effects are usually distin-
guished:

Oxide-induced. Oxide formation builds an additional
layer on the crack flanks. Premature crack closure leads
to relief of the crack tip during the unloading step.

Roughness induced. Even small displacements of the
crack flanks relative to each other cause the topography
to mismatch. This results in premature contact of the
crack flanks.
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Figure 8: Comparison of the macro- and meso-specimens crack
growth data.

Plastic induced. Plasticity at the crack tip leads to ma-
terial transport from the crack tip and the plastic zone
towards the crack flanks. This leads to an increase in
volume at the crack flanks, resulting in premature con-
tact of the crack flanks.

5.2.1. Stress intensity threshold

For the investigated material nc-Ni, an intrinsic
threshold AKy, . between 2.5 and 3 MPa \/m based on
the Young’s modulus of 200 GPa is derivable from the
relevant literature [36], or as experimentally determined
for a nickel alloy [37] to 3.2MPa+/m. The intrin-
sic threshold is defined as the stress intensity thresh-
old without the influence of crack closure effects [38].
Hence, the one measured here is below the usual AKy,
and thus in the range of the intrinsic threshold for nickel
alloys. Plastic induced crack closure can be neglected
via the load reduction and thus steady reduction of the
plastic zone at the crack tip. Furthermore, the crack
can be considered short, 25 um long, which means that
the influence of further crack closure effects is less pro-
nounced.

5.2.2. Near threshold regime

As shown in Figure 8, the crack propagation measure-
ment of the meso-specimens is still in the near threshold
regime. Pippan et al. [39] described a particularly large
influence of an increasingly forming plastic crack clo-
sure which leads to a steeper da/dN over AK curve.

Due to the plane strain state within the specimen, the
plastic zone in the area of the crack tip is clearly formed
and thus strongly influences the crack closure directly
behind the crack tip.
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5.2.3. Paris regime

The comparative macro measurements were made
from a notched macro-SENT-specimen. The cracks
initiated relatively late, which made it impossible to
start crack growth below AK 12MPa+/m. Thus, only
the Paris regime is represented here. The slopes of
the curves are lower compared to the meso-specimens,
which can be explained by the long crack in the macro-
specimens. Here, the plastic crack closure remains un-
changed because the plastic zone is much smaller than
the crack length of a few millimetres.

5.2.4. Further considerations

In addition, the crack length determination before and

after the da/dN measurement must be considered. As
written before, a small error is made in the determina-
tion on the front and back side, but the crack curvature,
and thus the error, before and after the da/dN measure-
ment will be in a similar range, so that the error in the
determination will only have a small effect on the crack
length change that is included in the calculation.
As a final point, the crack growth curve of the meso-
specimen should be considered as a whole. As already
mentioned, the measurement is in the near threshold re-
gion below a AK of 10 MPa v/m. This indicates that the
linear Paris regime where m is calculated is not yet fully
developed (see Fig. 8) and thus a higher slope is deter-
mined.

5.3. Crack tip process zone

The applicability of fatigue fracture mechanics re-
quires consideration of the size of the plastic zone ac-
cording to Irwin’s equation (2) and the calculation of
size limits using the standard fatigue fracture mechan-
ics equation (1) introduced in section 2. To calculate r,,
and W — q, the values for K; and oy must be assumed.
In the case of investigated material, due to continuous
transition from linear elastic to plastic regime instead
of oy the offset yield stress R0, from macroscopic ex-
periment was taken. Due to the small microstructure
compared to the meso-specimen size of 50 um, no size
effect in R0 is expected. In the following, a value of
9MPa vm is assumed for K; and for Rp02 1070 MPa.
Since the investigations of the present work do not ex-
ceed a AK of 9 MPa +/m for the meso-specimens the fol-
lowing considerations apply only to this range.

With the values above W—a is 90 wum where r,,; is 11 um.
In the investigated meso-scale specimens W — a is min-
imum 25 pm long thus two times as long as the calcu-
lated r,;. For the rather conservatively considered mini-
mum specimen size W —a according to the standard, the
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specimens lie outside of that. Based on the above dis-
cussion and the reliability of the results, a factor of two
times the plastic zone size is suggested as a size limit
for meso-scale standards.

5.4. Limits of the study

It is known that in nc material, grain growth can oc-
cur during crack initiation and growth [40, 41]. In order
not to disregard that, the microstructure of a specimen
was examined in a FIB cross section in this study. A
slight grain coarsening was observed during the crack
growth tests. Since the cracks only grew over a few
thousand cycles compared to the AKy, specimen, which
was loaded over hundreds of thousands of cycles, an
EBSD map of the crack area was recorded every 5 um
for the AKy, specimen in combination with the tomogra-
phy for crack length determination. Slight grain growth
is observed, but not massive compared to the cycles ap-
plied and the specimen size.
FIB cutting can also induce grain growth. This is not
a major issue with the material being analysed, particu-
larly as the large volume compared to the surface area
reduces this problem.

6. Conclusion

Method. The fatigue crack growth rate method pre-
sented here is very close to the test protocol of the macro
standard. The crack growth rate obtained is higher than
that obtained from macro-tests on the material in this
study, but it should be noted that due to the short crack in
the meso-specimen, the crack closure mechanisms are
not as pronounced as in the macro-specimen, or change,
as the measurement is obtained in the near threshold
regime. A formula for the size of the meso-specimen
is proposed as a factor of two times the size of the plas-
tic zone. This makes the method a tool to fill the scale
gap in fatigue crack growth measurement.

Intrinsic AKy,. The measured AKy, value corresponds
to the intrinsic AKy, of the material. This method is a
good alternative for macro-specimens where it is diffi-
cult to measure the fatigue crack growth threshold with-
out crack closure effects due to long cracks.

Pre-cracking. Due to the poor reproducibility of FIB
notches, especially when considering different notch
depths and therefore notch radii due to different spec-
imen sizes, a pre-crack is essential for a valid fatigue
crack growth measurement. In this study a method to
induce a pre-crack even in small specimens and ductile
metals was introduced. By varying the load ratio and
stress, this method can be adapted to different metals.
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Outlook. In order to test to what extent the factor be-
tween the size of the plastic zone and the minimum re-
quired specimen size depends on the latter, it would be
feasible in future to vary the material itself or to test
an even larger cantilever, say 100 um in height, using a
femtosecond laser for pre-cutting and then PFIB polish-
ing for good surface quality.
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