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Mechanical size effects are a well known phenomenon when the sample volume is reduced or the characteristic 
length of the microstructure is changed. While size effects in micropillar compression (smaller is stronger) or 
due to grain refinement (Hall-Petch) are well understood, this is less so in fracture mechanics. Given this lack of 
knowledge, the main question addressed in this work is: What happens to the fatigue crack growth properties 
when extrinsic size effects play a role? To answer this question, nanocrystalline nickel cantilevers, ranging in 
width from 5 to 50μm, were subjected to fatigue crack growth. The crack growth rates and stress intensity 
factors were calculated and the Paris exponent in the stable crack growth regime was determined. It was found 
that the results scatter more strongly for the smaller cantilevers compared to the larger cantilevers. Results are 
interpreted in terms of plastic zone size and ligament size which are found to be critical for small cantilevers.
1. Introduction

Materials testing of micro- and nano-scaled specimens has found its 
way into materials characterisation, especially into fracture mechanics, 
in recent years [1,2]. These testing techniques, first established for thin 
film testing [3–6] and later extended to cantilevers, provide defined 
stress states, especially in target-prepared specimens [7–12]. Actually, 
the evolution of crack closure effects in the field of micro- and nano-

fracture mechanics has not been investigated in detail up to now which 
is within the scope of the current study.

The effect of smaller volumes tested is not just a interesting ques-

tion in fundamental science itself but becomes also important when 
components are getting smaller, as in electronics [13], micro-electro-

mechanical systems (MEMS) or medical devices as stents [14,15] and 
implantable pressure sensors [16]. Size effects that strengthen materials 
and components can be considered as extrinsic (smaller is stronger, ge-

ometric) [17–19] and intrinsic size effects (material effects, microstruc-

ture) [20,21]. In fracture mechanics, size effects can emerge due to both 
intrinsic and extrinsic reasons. External constraints like the sample ge-

ometry or complex loading conditions are crucial and may limit the 
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size and influence the shape of an evolving plastic zone at the crack 
tip (extrinsic effect) [22,23]. This is especially true for micron-sized 
specimens where the notch geometry and sharpness varies for differ-

ent focused ion beam (FIB) operators and notch depths, in contrast to a 
fatigue pre-cracked specimen.

For example, a change in the density of internal interfaces such as 
grain boundaries (intrinsic effect) may cause an increase in strength 
and a transition in deformation mechanisms and, therefore, the frac-

ture behaviour and toughness. Whenever the critical length scale of the 
material or sample, whether grain size or sample dimensions reaches 
the order of magnitude of dislocation networks and structures, a size ef-

fect inevitably forms [24,25]. This results in a deformation dependent 
change in fracture behaviour, from plastic in Si to brittle failure in Pt 
cantilevers, when the sample size is reduced [26,27].

Size effects in quasi-static material behaviour have been studied 
and modelled extensively in the past decades [28–30]; size effects in 
fracture mechanics and material fatigue, on the other hand, have been 
studied significantly less. This is due to the complex test procedure, but 
also due to the fact that test standards and their limits do not easily 
permit the transfer of established testing techniques to the micro-scale. 
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Size effects are an intrinsic problem in fracture mechanics, even at the 
macroscopic scale, leading to specimen size requirements defined in 
various test-standards (ASTM E647 [31], ASTM E 1820 [32]). This even 
applies to linear elastic fracture mechanics (LEFM) and brittle materi-

als (ASTM E 399 [33]), where in the case of a crack in a thin plate, the 
crack driving force does not depend on the crack length anymore but 
on the specimen thickness.

In 2004, Takashima and Higo [34] were the first to determine crack 
growth rates on FIB-prepared notched microbending cantilevers using 
a compliance method. They also carried out fracture mechanics exper-

iments on cracked specimens. This method has been refined over the 
last years [11,35–37]. Eisenhut et al. showed that steep stress gradients 
caused dislocation pile-up at the neutral axis [29] and this in turn re-

tarded fatigue crack growth [35]. Gruenewald et al. were able to show 
that in ductile materials, reliable fracture mechanical parameters can 
only be obtained in pre-cracked fatigue specimens and that 𝐽1𝐶 for 
micro specimens is orders of magnitude lower than that for macro spec-

imens, since a fully developed plastic zone can no longer be formed 
[23].

For defined stress conditions, specimens fabricated by FIB with a 
defined cross section and focusing on a crack growing are required. 
However, previous experiments have all been in the range of ligament 
lengths < 10 μm due to limitations in specimen fabrication in Ga FIB 
[11,38]. Luksch et al. successfully demonstrated fatigue crack growth in 
meso-scaled specimens with ligament lengths up to 50 μm by using Xe-

Plasma-FIB and compared the results with those from macro specimens 
[39].

The aim of the present study is to investigate the fatigue crack 
growth in specimens of different sizes between 5 and 50 μm cantilever 
width made from nanocrystalline nickel (nc Ni). The optimised test pro-

tocol from [39] is again used here. Compared to most micro fracture 
and fatigue tests where the crack growth is analysed from a FIB milled 
notch, the present method applies a two-step process inspired by macro 
fatigue test standards. The first step is to induce a pre-crack from the 
FIB milled notch, and the second step is to analyse the crack growth 
behaviour.

The focus of this work is on the stable crack growth (Paris be-

haviour) obtained from the second part of the crack growth experiment. 
Furthermore, the crack contour and the microstructure at the crack 
flanks were investigated and compared for the different cantilever sizes. 
Finally, the underlying size effect is discussed.

2. Method

Pulsed electrodeposition (PED) was used to produce nc Ni as de-

scribed in [40]. 1 g/L saccharin and 0.02 g/L 1,4-butynediol were used 
as additives for grain refinement. The material exhibits a mean grain 
size of about 30 nm (measured by X-ray diffraction (XRD)). Thus, the 
specimen volumes investigated here are always significantly larger than 
the mean grain size, so that the material can be considered homoge-

neous [41–43].

Wedges were made from the deposited material by standard metallo-

graphic techniques with polishing down to 1 μm (Fig. 1). All cantilever 
specimens have dimensions of thickness B: width W: lever arm L of 
1:1:4 (Fig. 1), the crack growth in the direction of the width and in the 
following the cantilevers are named according to their width. For each 
cantilever size a minimum of three specimens were tested. Cantilever 
specimens of 20 μm and 50 μm width were produced using a Xenon 
Plasma FIB (Xe PFIB, Thermo Fisher Helios PFIB G4 CXe). Smaller can-

tilevers of 5 μm and 10 μm width were produced using a combination 
of Gallium FIB (Ga FIB, FEI Helios NanoLab600) and Xe PFIB to en-

sure high surface quality of the cantilevers of different sizes. Detailed 
parameters for FIB milling are given in Table 1.

All notches were made with Xe PFIB to keep the notch root and 
the crack initiation similar for all cantilever sizes investigated here. 
2

This avoids unnecessary Ga contamination of the notch root. An AS-
Materials & Design 241 (2024) 112880

Fig. 1. Sketch of wedge with cantilever with variables of geometrical dimen-

sions, width W, thickness B, lever arm L with ratio of B:W:L of 1:1:4.

Fig. 2. SEM images from (a) crack initiation with gripper and (b) crack growth 
with conospherical tip.

MEC UNAT-2 with a force range from -30 to 200mN and an ALEMNIS 
nanoindenter (Alemnis Standard Assembly) with a load cell from -2000 
to 2000mN be used for the in-situ micromechanical test in scanning 
electron microscopes (SEMs) (LEO and Sigma, Zeiss).

For the crack initiation that is necessary as described in [39], the 
theoretical flexural stress was adjusted for the cantilevers of different 
sizes so that a crack occurred within a few ten thousand cycles. The 𝑅
ratio, 𝜎𝑚𝑖𝑛∕𝜎𝑚𝑎𝑥, was chosen between -0.2 and -0.3 for all cantilevers. 
To apply the negative R, as nanoindentation tip a FIB manufactured 
microgripper was used (Fig. 2 (a)). Crack growth is typically identified 
by decreasing stiffness as the stiffness can be assumed as proportional 
to the remaining cross section of the cantilever [44]. Since the present 
experiments were displacement controlled with fixed displacement am-

plitude, the incipient crack was identified from decreasing force ampli-
tude.
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Table 1

FIB milling and tomography parameters for the different cantilever sizes.

Cantilever Cantilever milling parameters Tomography milling parameters

width fine milling current notch milling current milling current slice thickness

/ μm / nA FIB / pA Xe / nA FIB / nm

5 0.46 Ga 10 0.3 Ga 25

10 0.92 Ga 30 1 Xe 50

20 15 Xe 30 6.5 Ga 50

50 60 Xe 300 15 Xe 200

Fig. 3. Crack growth rate 𝑑𝑎∕𝑑𝑁 vs. the range of the stress intensity factor Δ𝐾 , filtered data, for the different cantilever sizes from (a) 5 μm to (d) 50 μm. All 
cantilevers form a linear Paris regime after the crack initiation phase.
After the crack initiation, the pre-crack length was measured in the 
SEM on the front and back side of the cantilevers. This was followed 
by the fatigue crack growth tests, which were performed with a stress 
ratio 𝑅 of 0.1 under displacement control with force targets. Either a 
conospherical or a wedge tip was used in this stage (Fig. 2 (b)). The 
force targets were chosen with respect to the displacement applied in 
the crack initiation process. The loading and unloading speeds were 
chosen to obtain fatigue frequency of ∼1Hz.

After the 𝑑𝑎∕𝑑𝑁 test, the crack length was measured again from the 
front and back side on the cantilevers using SEM. The data evaluation, 
performed with a MATLAB® (The MathWorks Inc.) script, is described 
in more detail in [39]. The unloading stiffness and force amplitude for 
each cycle were extracted from the recorded data first. The stiffness is 
used to calculate the corresponding crack length under consideration of 
pre-crack and final crack length. Derivation yields the growth rate in 
each cycle. The stress intensity factor Δ𝐾 is calculated from the force 
amplitude per cycle, the corresponding crack length obtained from the 
unloading stiffness and a geometry function [45]. A moving mean filter 
3

for noise reduction was applied to the data where the frame length was 
adapted with respect to the number of data points. The exponent 𝑚, 
from the Paris-Erdogan equation, was taken from a power law fit in the 
Paris regime. The fit range was divided into 100 equidistant sections 
and the average of each section was used in the power law fit for 𝑚.

For the post-mortem analysis of the shape of a crack contour, one 
characteristic specimen out of each specimen size class was selected 
and 3D FIB serial sectioning was performed, partly with rocking polish-

ing [46] in order to reduce curtaining at the crack tip. The parameters 
used are shown in Table 1. One of the 5 μm cantilevers was investi-

gated using 3D EBSD to study microstructural changes on the crack 
flanks. The 3D EBSD measurement was performed using the Xe PFIB 
equipped with a fast CMOS EBSD camera (EDAX Velocity Plus) at 20 
kV acceleration voltage and 26 nA beam current. Camera binning was 
set to 4x4 at exposure time of 1.7 ms, resulting in 588 fps. A step size 
of 25 nm on a square grid was set to match the FIB slice-to-slice thick-

ness of the serial sectioning process. The latter was performed at 30 kV 
acceleration voltage and beam current of 0.3 nA. The 3D microstruc-

ture was reconstructed using the software Dream3D [47] and visualised 

in ParaView [48]. A data cleanup using confidence index thresholding 
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Fig. 4. Diagram of the evaluated Paris exponents with mean and error bar for 
each cantilever size.

(CI > 0.1) and grain dilation was part of the Dream3D reconstruction 
pipeline. The full reconstruction pipeline is available as supplementary 
material.

3. Experimental results

3.1. Crack growth rate

The crack growth rate 𝑑𝑎∕𝑑𝑁 vs. the stress intensity factor Δ𝐾
for different cantilever sizes is shown in Fig. 3. All specimens show 
the transition to a linear regime after the crack initiation phase. It can 
be clearly seen that the 𝑑𝑎∕𝑑𝑁 curves of the smaller specimens show 
higher scatter compared to the larger ones. This is a strong indication 
of an evolving extrinsic size effect.

The Paris exponent 𝑚 is plotted for all tests in Fig. 4. The higher 
scatter of the smaller specimens is clearly reflected, too. For the larger 
specimens, the data collection range for crack length is significantly 
larger. Thus, the determined values of 𝑚 are more stable and the scatter 
is smaller.

3.2. Crack contour

The crack contour, defined as the crack length over the cantilever 
thickness according [39], of one cantilever of each size was additionally 
investigated using 3D FIB tomography and is presented in Fig. 5.

To evaluate and compare the crack contours of the different can-

tilever sizes, two characteristics are considered: the curvature across the 
beam thickness and the scatter in the middle region of the crack con-

tour. The crack contour for all sizes is slightly curved towards shorter 
crack lengths at the cantilever surface. Only the first 5 μm cantilever 
(Fig. 5 (a)) shows an inhomogeneity overlapping the curvature on the 
right side of the crack contour. The scatter of crack lengths in the mid-

dle region (insets in the diagrams of Fig. 5) is similar for all cantilevers.

3.3. Microstructure

Since extrusions were observed on the crack flanks at 𝑅 < 0 during 
the crack initiation phase, a 5 μm cantilever was subjected to 3D EBSD, 
see Fig. 6. The EBSD analysis revealed grain coarsening in the vicin-

ity of the crack. During the crack initiation phase, the load was applied 
from both sides with an 𝑅 of -0.2 to -0.3, so the material was subjected 
to alternating tensile and compressive stress. A larger number of cycles 
were also applied during this 𝑅 < 0 phase because crack initiation was 
not immediate and crack growth was even slower after initiation. In the 
crack initiation regime, grains reach a size of up to 500 nm equivalent 
diameter, whereas in the crack growth region, grains of up to 200 nm di-
4

ameter were found. Grain orientations on both sides of the crack were 
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observed to be identical for a number of large grains which indicates 
transgranular crack growth (see Fig. 6 (b) inset second row, second col-

umn).

In order to get a clear view of the interplay between crack growth 
rate (e.g. load history) and grain-coarsening, a cantilever with 50 μm
width from previous own work [39] was analysed, too. This cantilever 
was subjected to a step-wise load decrease to measure Δ𝐾𝑡ℎ according 
to ASTM E647 [31]. Here, each load step was applied for a few 10 000 
cycles to check if the crack is still growing. The test was finished when 
𝑑𝑎∕𝑑𝑁 was below 10−8 mm

/
cycle. That leads to ten times more cycles 

applied during a small crack elongation compared to the constant load 
phase during the crack growth rate measurement.

The cantilever was subjected to serial sectioning tomography in 
Xenon FIB and eight equidistant EBSD maps were recorded during 
sectioning. The grain size along the crack path was determined by av-

eraging over the eight maps. Fig. 7 shows one EBSD image as example 
together with the depth-averaged grain size and overview of applied 
cycles.

It is obvious that grain growth is more pronounced in the phase 
of slower crack growth towards the end of the crack. This is in good 
agreement with the EBSD results obtained from the 5 μm cantilever 
mentioned above.

4. Discussion

4.1. Crack growth rate

The Paris exponent was determined for cantilevers from 5 to 50 μm
using a method based on macroscopic fatigue fracture mechanics, re-

spectively ASTM E 647 [31]. The scatter increases with decreasing 
cantilever width.

First a short classification of Paris exponent in macro-scale bulk 
metal samples is discussed. For metals, the Paris exponent in general 
is in the range between 2 and 5 (Al, Ni Alloys or Steel [49–51]. The 
here analysed nc Ni has a Paris exponent of 3 in macro-scale tests [39], 
so less than the in micro specimens determined Paris exponent, which 
was attributed to crack closure effects and the size effect.

In the current study attention should be paid to the possible sources 
of scattering and their different effect, depending on the specimen size. 
This includes the testing equipment (force resolution and control accu-

racy), data evaluation (crack length calculation) and the experimental 
procedure (indenter positioning accuracy, i.e. lever arm length). The 
accuracy of the force measurement (load resolution) is in the range 
of 4 μN, which is well below the force values applied during the test. 
The testing protocol requires crack length determination before and af-

ter the 𝑑𝑎∕𝑑𝑁 measurement. The crack length inside the cantilever, 
as obtained from the tomographies, is consistently longer than what 
is measured on the front and back surface. This is a well-known be-

haviour during fracture mechanical testing arising from a difference in 
the stress state between cantilever bulk and surface. There is no signifi-

cant difference in the average crack lengths measured from the surface 
and those measured from the contour analysis after they are normalised 
to the cantilever widths. This suggests that the Paris exponents deter-

mined from different cantilever sizes are not systematically affected by 
our crack length measurements. Special attention was paid to accurately 
position the indenter tip to minimise the error in the lever arm length 
and, thus, in the stiffness calculation.

In addition to the crack contour, evaluation of the SEM images from 
tomographies has revealed a different appearance of the crack tip shape 
and flanks for the different cantilever widths, as can be seen from the 
SEM images in Fig. 5. The crack tip of the 5 μm specimen is more open 
and the crack tip is blunter. This is an indication of a higher amount of 
plasticity in front of the crack tip and, hence, blunting of the crack tip. 
The smallest specimens are at or below the lower limit of the testing 
standards for obtaining a valid fatigue crack growth analysis for the 

specific material parameters. The roughness of the crack tip contour 
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Fig. 5. Diagrams of the crack contour, assessed by 3D FIB tomography, for the different cantilever sizes from (a) 5 μm to (d) 50 μm. The inset in the diagrams of the 
larger cantilevers is the same scale as the 5 μm cantilever in vertical direction for better comparison of the roughness between the sizes. Additionally see the SEM 
images, slice from tomography in side view, from crack tip for the different cantilevers.
appears comparable for all sizes (see insets in Fig. 5 (b)-(d)). For pixel 
heights of 12 to 60 nm, and an approximate accuracy for manual crack 
length measurement of 3 pixels, the error is less than the variation in 
crack length.

It is obvious that the Paris regime of stable crack growth, i.e. the 
transition from the crack growth threshold to critical crack growth is 
smaller or might even vanish in the small specimens. This raises the 
question of whether the smaller specimens have a pronounced region 
of stable crack growth, and, thus, whether the determination of the 
Paris exponent is valid or not. In the case of a direct transition from 
the crack growth threshold to critical crack growth, the Paris exponent 
is overestimated, which is the direction of deviation in this study com-

pared to the large cantilevers. Fig. 4 reveals that 𝑚 not only scatters but 
its average also shifts to larger values with decreasing specimen size. 
This appears to be related to a larger scattering in 𝑑𝑎∕𝑑𝑁 determina-

tion when specimen size decreases as discussed above. Hence, it can be 
concluded that 𝑚 increases when the specimen size decreases.

4.2. Microstructure

It is known that fatigue can induce grain growth especially in nc 
materials [52]. This adiffusional, mechanically-driven process depends 
on the stability of the microstructure. Kapp et al. revealed grain growth 
in ultra-fine grained copper to be driven by accumulated plastic strain, 
rather than by stress, using cyclic micro-fatigue experiments [53].

In the special case of fatigue crack growth, grain growth can take 
place during crack initiation and crack growth phase [54] or even be-
5

fore that [55]. Due to the high stress and strain, grain growth in most 
cases takes place in front of the crack in its plastic zone. Boyce et al. 
[56] found that grain growth is more pronounced in the crack initia-

tion region than in the later crack growth in bending fatigue of nc Ni 
and nc Ni alloys. This may be due to larger number of cycles and, thus, a 
large accumulated plastic strain in the initiation region than in the later 
crack growth region, with a higher crack growth rate. Therefore, grain 
growth in the crack vicinity must be taken into account for every crack 
growth investigation in materials that are susceptible to microstructural 
instability. It is important to be aware of microstructural changes and 
always to characterise grain growth in addition to crack growth.

The 3D EBSD tomography of the 5 μm specimen in Fig. 6, demon-

strates that large number of cycles to initiate a crack from a notch must 
be avoided as this can cause grains to grow, while the coarsening in the 
Paris exponent extraction regime is less pronounced. The transgranu-

lar nature of the crack growth in the initiation region reveals a crack 
growth in front of the notch.

As grain size affects the crack growth rate, larger grains from prior 
grain growth have a stronger impact for smaller ligament lengths in the 
smaller specimens, especially in the 5 μm cantilevers. This might be the 
origin of scatter there, as discussed above in Sec. 4.1.

Furthermore, when determining crack growth thresholds, special 
attention must be paid to grain growth as several 10 000 cycles are ap-

plied in a very small crack length range. The same holds true when the 
crack stops and thus the grains grow very large (see Fig. 7). All these ef-

fects can also appear in macro testing, but the change in microstructure 

relative to the specimen size is less compared to the micro specimens.
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Fig. 6. (a) Sketch of a cantilever with the top and side view marked, (b) EBSD 
image of the tomography of 5 μm width cantilever, showing different grain sizes 
in the crack initiation part (blue box) and the part where the crack growth rate, 
𝑑𝑎∕𝑑𝑁 , (green box) was measured for Paris exponent calculation.

4.3. Fracture mechanics

Testing protocol

Experimental challenges in meso- and microscale testing arise from 
fact that it is not possible to simply shrink macro-scale specimens and 
testing equipment. With decreasing dimensions, the accuracy of force 
and displacement measurement decreases, the challenge of exact sam-

ple alignment and indenter positioning increases, giving rise to system-

atic errors. For a more detailed consideration, the reader is referred to 
our previous study [39].

Size effects

As described in Section 1, size effects are typically separated into 
intrinsic and extrinsic. Intrinsic size effects originate from material char-

acteristics such as defects or grain boundaries, e.g. the Hall-Petch effect. 
In the present study, an intrinsic size effect due to the nc microstruc-

ture is present but identical for all cantilevers and, therefore, is not 
considered further. Extrinsic size effects originate from the fact that 
the specimen size decreases independent of the aforementioned charac-

teristic length scales of the material itself. In our case, sources for an 
extrinsic size effect are the plastic zone size and the ligament size. Us-

ing Irwin’s model (Eq. (1)), the size of the plastic zone can be estimated 
from the yield stress 𝜎𝑦 and the stress intensity factor 𝐾𝐼

𝑟𝑝𝑙 =
1
2𝜋

×
(
𝐾𝐼

𝜎𝑌

)2
, (1)

𝜎𝑦 can be taken from macroscopic tensile tests. Here, the offset yield 
stress 𝑅𝑝0.2 instead of 𝜎𝑦 was used because of the continuous transi-

tion from elastic to plastic deformation. Using an 𝑅𝑝0.2 of 1070MPa
and the maximum applied 𝐾𝑚𝑎𝑥 values for the respective cantilevers, 
a range of plastic zone sizes was calculated. For the largest cantilever, 
a maximum 𝐾𝑚𝑎𝑥 of 10MPa

√
m results in an estimated plastic zone 

size of 13.9 μm while in case of the smallest cantilever, a maximum 
𝐾𝑚𝑎𝑥 of 5.5MPa

√
m gives an estimated plastic zone size of 4.2 μm. 

Comparing these values with the ligament sizes, it is clear that for the 
6

largest cantilever the ligament size is about twice the size of the plastic 
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zone, whereas for the smallest cantilever the ligament size is about the 
same size or even smaller than the plastic zone, raising the question of 
whether LEFM is still applicable for the smallest cantilevers. This can 
lead to a rapid transition from crack initiation to unstable crack growth 
in small cantilevers or an arising plastic collapse during fracture caused 
by a cross-talk of blunting and back-face plasticity. This coincides with 
a severe reduction in the fracture toughness parameters like 𝐽𝐼𝐶 , as 
already discussed in the introduction.

Stress distribution

Regarding the stress distribution in cantilever bending, there exists a 
well-known linear stress distribution across the cantilever width with a 
transition from tensile to compressive stresses and the presence of a neu-

tral axis in the centre of an unnotched cantilever (Fig. 8 (a)). Keeping 
the surface stress constant while reducing the cantilever width results 
in a steeper gradient. A more detailed evaluation of the evolution of the 
plastic zone in micro-bending is given in [57]. As the crack propagates, 
the ligament size determines the position of the neutral axis (Fig. 8 (b)). 
A crack growth of Δ𝑎 results in a shift of the neutral axis by 0.5 ⋅ Δ𝑎, 
i.e. the crack tip and therefore the plastic zone moves closer to the 
neutral axis during the experiment. This has two consequences. Firstly, 
the stress gradient due to bending becomes steeper over time as the 
maximum force during crack growth is fixed but the ligament shrinks. 
Secondly, the interaction of the plastic zone stress field and the bending 
stress gradient close to the neutral axis becomes more pronounced over 
time. It should be noted that the cyclic plastic zone is smaller than the 
quasi-static one so that the onset of an extrinsic size effect is likely to be 
shifted to smaller specimen dimensions. Nevertheless, an interplay of 
plastic zone and neutral axis can be expected in small cantilevers and is 
likely to affect crack propagation. For large cantilevers, it can be con-

cluded that a crack growth experiment below the limits of established 
standards still provides valid 𝑑𝑎∕𝑑𝑁 curves and that a strong extrinsic 
size effect start to occur at a smaller cantilever size as expected from 
standards and Eq. (1).

5. Conclusion

A detailed investigation of fatigue crack growth size effect in can-

tilevers with a width from 5 μm to 50 μm has been carried out, always 
using the identical testing and analysis protocol. The resulting 𝑑𝑎∕𝑑𝑁
curves have been compared and the Paris exponents 𝑚 reveal an onset 
of a size effect in fatigue crack growth below 50 μm cantilever width. 
FIB tomography revealed severe grain growth at the crack flanks by 
strain accumulation, especially in the crack initiation regime and dur-

ing Δ𝐾𝑡ℎ testing. The main outcomes of this investigation are:

• Fatigue pre-crack ensures consistent 𝑑𝑎∕𝑑𝑁 curves in the investi-

gated cantilevers from 5 μm to 50 μm.

• For sample sizes smaller than 10 μm, reproducible and valid crack 
growth curves can be determined using the method presented here. 
This is possible as long as intrinsic size effects from the material 
itself can be neglected, even if the scatter increases significantly 
towards smaller cantilevers.

• The scatter in the Paris exponent 𝑚 and its average value increase 
with decreasing specimen size, indicating an extrinsic size effect 
in fatigue fracture. This extrinsic size effect was attributed to a 
progressively vanishing Paris regime for smaller specimens and the 
free surface that interacts mechanically with the plastic zone. The 
onset of this size effect is expected to be further shifted to smaller 
specimen sizes when larger stress gradients are applied in bending, 
compared to uniaxial testing.

• Fatigue cracks in nanocrystalline material lead to grain growth in 
their vicinity. In the case of slow crack growth or crack arrest as 
well as during the crack initiation period, very strong grain growth 
occurs in the vicinity of the crack tip, depending on the accu-
mulated strain. This causes inhomogeneities in the material and, 
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Fig. 7. Summarised data from Δ𝐾𝑡ℎ specimen, 50 μm width. (a) crack length over applied cycles, (b) SEM image of slice 1 taken from tomography, (c) EBSD inverse 
pole figure and image quality map of the same slice and (d) grain size analysis along the crack. Largest grains are found where most cycles were applied.

Fig. 8. (a) 2D schematic distribution of stress in cantilever bending, comparison of cantilever sizes with same maximal stress (X MPa) and influence on stress gradient 
in red. (b) Influence of crack length on stress gradient (new stress gradient in purpel) and overlaying with stress from crack tip, schematically shown as a green 

circle.

depending on their extent, must be taken into account for further 
evaluations.

The last point of the main outcomes can be used to investigate cyclic 
grain growth in more detail in future studies. Overall, the interaction 
between microstructure, boundary conditions and experimental testing 
is very complex and further specific investigations are required to fully 
understand the influence of grain growth on crack growth and vice 
versa.
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