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The lifetime of most metals is limited by cyclic loads, ending in fatigue failure. The progressive growth of 
cracks ends up in catastrophic failure. An advanced method is presented for the determination of cyclic 
crack growth on the microscale using a nanoindenter, which allows the characterization of > 10,000 loading 
cycles. It uses focused ion beam fabricated notched microcantilevers. The method has been validated 
by cyclic bending metallic glass and tungsten microcantilevers. The experiments reveal a stable crack 
growth during the lifetime of both samples. The metallic glass shows less plasticity due to the absence of 
dislocations, but shows shearing caused by the deformation. The crack growth rates determined in the tests 
follow Paris’ power law relationship. The results are reliable, reproducible and comparable with macroscopic 
setups. Due to the flexibility of the method, it is suitable for the characterization of specific microstructural 
features, like single phases, grain boundaries or different grain orientations.

Introduction
The understanding of the fatigue mechanisms is fundamental 
for the design of mechanical components in most engineering 
applications. The prediction of the fatigue lifetime is crucial for 
scheduling the maintenance of structural, transportation and 
electrical components. The mechanical damage in those cases 
can be caused by a multitude of loading scenarios. Alternating 
start-up and shut-down cycles lead to low cycle fatigue (LCF), 
small vibrations sum up over long time for high cycle fatigue 
(HCF), thermal cycling leads to thermo mechanical fatigue, etc. 
Consequently there is a need for different techniques to charac-
terize fatigue under different loadings, environments and scales 
[1–5]. Microsamples are so far only seldom used to determine 
the fatigue failure and crack growth behavior. This is a conse-
quence of the experimental challenges for tests at the microscale, 
as explained below.

The underlying mechanisms for fatigue in crystalline metals 
are based on the generation, gliding and interaction of disloca-
tions. Even small stresses below the technical yield point can 
cause dislocation glide. This results in dislocation intersections, 
source activation and other irreversible mechanisms [5–7]. 
The summation of those small irreversible deformations leads 
to fatigue failure. A different kind of fatigue comes into play 
in metallic glasses, as they do not contain dislocations. Their 
deformation is based on local densification and the formation of 
shear transformation zones that can accumulate in shear bands. 
Several studies showed that the fatigue in those material systems 
depends more on the initiation of plasticity than on the crack 
propagation. Hence they have often a smaller lifetime than met-
als [8–10]. While conventional macroscopic-scale fatigue tests 
capture the sum of the damaging mechanisms, the influence of 
specific microstructural features, like the orientation of a grain 
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boundary, on the fatigue lifetime is difficult to determine. Small 
scale testing allows to focus on specific fatigue crack-micro-
structure interactions. Consequently those tests can improve 
the understanding of the fundamental mechanisms contribut-
ing to fatigue failure.

Several reliable methods for the characterization of 
fatigue on the microscale were established and can be used 
for different geometries and sizes. Thin film methods allow 
the characterization of < 100-nm-thick samples and enable 
a direct observation of dislocation structures in situ or ex 
situ via transmission electron microscopy [11–13]. The 
downside is that the film thickness requirements limit the 
application to a small set of material systems. Nanoindent-
ers have a high precision in positioning and applied force, 
which are suitable for small scale fatigue experiments. How-
ever, the normally used pyramidal tip geometry is poorly 
suited for those experiments, due to the complex stress state 
and the growing activation zone with indentation depth 
[14]. Simpler geometries can be tested with custom tips. 
Fully reversible low cycle fatigue experiments on microbe-
ams were realized with a claw gripper [7, 15–17]. Another 
approach is to attach the microcantilever to a tungsten tip 
with electron beam curing glue [18]. These approaches 
require in-situ setups, precise positioning and have been 
limited to LCF experiments. A new approach is to utilize 
the continuous stiffness measurement (CSM) method, that 
is usually used in nanoindentation systems for monitoring 
the variation of the hardness and Young’s modulus [19]. 
The high frequencies allow to reach the HCF regime during 
experiments. This was either used for fully reversible in-
situ experiments, as shown by Lavenstein et al. [18], or for 
more easily accessible ex-situ tests [20, 21]. The advantage 
of those ex-situ approaches is the less costly setup, but the 
tests are limited to pure cyclic compression of micro-pillars 
or cyclic bending of microcantilevers.

In these studies, the characterization on the microscale 
evidenced fatigue mechanisms and lifetime predictions simi-
lar to macroscopic testing [18, 20, 21]. Independent of the 
initial microstructure (ranging from ultra fine grained to sin-
gle crystalline metals), those test showed that the failure of 
the samples is dominated by the formation of extrusions at 
the surface. Those extrusions grow until they initiate cracks, 
which result in the final fracture of the microscopic samples. 
[16–18, 20, 21].

Due to the dimensions of the extrusions and the samples, 
large fractions of the samples are affected by them. Conse-
quently, the transformation zone to regular crack growth dur-
ing fatigue is limited. Especially the initial cracks form and 
grow along the slip planes of the extrusions. As the slip planes 
are inclined to the loading direction, the fracture mode of the 
cracks are a mixture of crack mode I, II and III. A full trans-
formation to mode I, as seen on macroscopic fatigue experi-
ments cannot be reached, as the samples fail earlier [16, 18, 
21]. Additionally the early cracks have a complex shape, which 
prevents a good description in terms of the fracture mechanics 
during microscopic fatigue experiments, similar to macro-
scopic experiments [6]. However, stable cyclic crack growth 
is a fundamental part of macroscopic fatigue and is described 
by Paris’ law, shown in Fig. 1(a) [22]. Up to now it has not 
been observed in micromechanical fatigue experiments. The 
aim of this work is to demonstrate that Paris’ law holds true 
on the microscale and to investigate its size dependence. To 
achieve this, a new approach to study cyclic crack growth by 
cyclic loading of notched microcantilevers [Fig. 1(b)] is used.

Results and discussion
Monotonic testing

The quasi-static deformation behavior of the notched micro-
cantilevers was first investigated, to determine the fracture 

Figure 1:   (a) Sketch of Paris’ plot. (b) SEM micrograph of a metallic glass microcantilever during microbending.
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toughness of the materials. Figure 2(a) shows the force versus 
the displacement signal during the loading of the microcanti-
levers. Both materials show a linear-elastic initial behavior. The 
maximum force is nearly twice as high with metallic glass as 
with W, with nearly the same cantilever dimensions. The later 
stage of the tungsten cantilever is dominated by apparent strain 
softening. In contrast the metallic glass sample shows limited 
strain softening, accompanied by serrations. The metallic glass 
test was stopped at a displacement of 4.5 µm. The measure-
ments reveal the different behavior of the materials at micro-
scale. While tungsten shows a clear cleavage fracture during 
the experiment, the metallic glass shows more plasticity. The 
continuous crack growth resistance was calculated for both 
materials, as described in literature [23, 24] in Fig. 2(b). Tung-
sten shows a brittle material behavior, where the crack grows 
through the whole microcantilever. The initial linear crack 
blunting stage is followed by faster crack growth. This is similar 
to results for {001} <100> oriented tungsten microcantilevers 

[25, 26]. As can be seen for the metallic glass sample in Fig. 2(b) 
the crack growth resistance stagnates at a crack growth length 
of 300–350 nm. This explains the stagnation of the force level 
in Fig. 2(a). Hence the microcantilever showed larger defor-
mations, which prevented further crack growth. Additionally, 
the abnormal crack growth resistance shows that the fracture 
toughness of the metallic glass is too high for microcantilever 
tests. Consequently the calculated fracture toughness is invalid. 
The different behavior can also be seen in the fracture surfaces 
in Fig. 3(a, b). The metallic glass cantilever has only a small 
fractured area, which is ca. 350 nm long, in good agreement 
with the calculated values. The area below the crack tip shows 
several shear bands, as common for metallic glasses [9], those 
shear events correspond to individual small peaks in Fig. 2(a). 
The shearing at the lower end of the cantilever leads to buck-
ling, which reduces the effective stress intensity. The buckling 
prevents further crack growth, leading to the higher crack resist-
ance of the metallic glass. The fracture surface of the tungsten 
cantilever shows that the crack grew through nearly the whole 
cantilever. The region around the initial notch shows some neck-
ing and gliding events. Otherwise there are no surface signs of 

Figure 2:   Monotonic bending results for the metallic glass and 
tungsten single crystal microcantilevers. The tungsten samples had 
a {001} <110> crack orientation. (a) Force–displacement curve. (b) 
Continuous crack resistance curves.

Figure 3:   Electron micrographs of the (a) tungsten and (b) metallic glass 
monotonic fracture surfaces post testing. The metallic glass cantilever 
shows deformation by shear bands and buckling at the lower end 
of the cantilever, which stopped further crack growth. The tungsten 
sample shows necking and the crack propagated through the whole 
microcantilever. The cantilevers are tilted by 45°.
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shearing or buckling. The metallic glasses microcantilevers 
fracture surface seem to have a slightly higher roughness than 
the tungsten microcantilever ones. The fracture toughness of 
the tungsten microcantilever, calculated by the criteria of Ast 
et al. [24, 26], is 7.2 MPa

√
m and the one of the metallic glass 

is 8.9 MPa
√
m . As mentioned above the abnormal shape of the 

crack growth resistance curve already shows that the value for 
the metallic glass is invalid due to its plastic deformation. Hence, 
the fracture toughness of the metallic glass is smaller than in 
macroscopic studies ( 16.9± 1.5 MPa

√
m ) [10]. The results of 

tungsten fit well to {001} <100> oriented macroscopic studies for 
with a fracture toughness of 6.2± 1.7 MPa

√
m [27]. 

Evolution of the experimental parameters 
during cyclic testing

Figure 4 shows the cyclic parameters for a metallic glass micro-
cantilever that was recorded at 400 Hz and an R value of 0.1. 
In Fig. 4(a) the force–displacement cycles are shown for dif-
ferent stages of the experiment, ranging from 10 to 95% of the 
lifetime. The lowest displacement point in each cycle was set to 
be zero, to compensate for the progressive overall displacement 
of the cantilever during the test. Different trends are directly 
observable. First the maximum force in each cycle decreases, 
while the maximum relative displacement increases with higher 
cycle numbers. As the experiments were set to have a constant 
force range of ΔP = 446 µN controlled by a feedback loop of the 
natively displacement controlled indenter, the controller of the 
indenter is too slow at regulating the force levels at the end of the 
tests. The force range is shown in Fig. 4(b) and it also indicates 
this decrease at the end of the lifetime.

Second, in Fig. 4(a) the slope of the load–displacement 
cycles decreases during the measurements. That indicates that 
the stiffness of the cantilevers is reduced, which is a result 
of crack growth. The CSM stiffness decrease, measured by 
the indenter, is also shown in Fig. 4(c). In comparison, we 
calculated the unloading stiffness Sunload from the unloading 
part of each cycle, by fitting a linear regression to the area 
between 100 and 70% of the maximum load. This represents 
the elastic material response. The unloading stiffness should 
be higher than the CSM stiffness, as it does not contain the 
plastic deformation. However it is lower due to the bended 
shape of the loading cycles in Fig. 4(a). Ideally, those cycles 
should have an elliptical shape. We assume that the shape is an 
overlay effect from the indentation of the indenter tip into the 
cantilever. A correction of this effect was not possible, because 
the contact area between tip and cantilever also changes with 
ongoing cycling. This results in an increasing contact depth, 
which would not be described by single indentation experi-
ments. A normal cyclic indentation study in H-bar shaped 
structures with the same dimensions would neglect the effect 

that the microcantilever bends during the experiment. Hence 
non orthogonal cyclic indentations would be required. For a 
full reconstruction of the mentioned effects, each microcan-
tilever would require several further measurements, reduc-
ing the effectiveness of the method. Nevertheless, the stiff-
nesses mainly differ in their value, but their evolution during 
the experiments is nearly similar, as shown in Fig. 4(c). The 
relative difference is nearly constant with ~ 4%, as shown in 
Supplementary Information Figure S1. This difference is irrel-
evant for the calculation of the crack length, as the conversion 
calculated by FEM [28] only uses the relative stiffness of the 
cantilever. Hence it can be concluded, that the CSM stiffness 
is an acceptable and easier method for the calculation of the 
crack growth.

The change of the crack length with the number of loading 
cycles is given in Fig. 4(d). It was calculated from the CSM 
stiffness and it is continuously increasing. The crack growth 
per cycle is also increasing, which causes an accelerative fail-
ure at the end of the experiments, as shown in Fig. 4(e). The 
curve is a locally weighted polynomial regression smooth [29], 
which was used, to reduce the noise of the CSM signal. There 
is still some noise visible within the oscillations between 400 
and 800 cycles. The maximum crack growth was ~ 800 nm, 
when the experiment was stopped, due to the wedge indenter 
losing contact to the mircocantilever. Considering the initial 
notch depth of ~ 1 µm and the cantilever height of ~ 3 µm, the 
crack grew through a third of the cantilever thickness before 
failure.

Using the actual crack length and the force range in each 
cycle, the stress intensity factor range in each cycle can be cal-
culated by formula 2. The results are shown in Fig. 4(f)). The 
stress intensity factor increases permanently with an increas-
ing rate due to the corresponding crack growth. This compen-
sates the instrument-caused force range reduction in Fig. 4(b) 
at the end of the test. As the stress intensity and the crack 
length are both increasing during the experiment, the require-
ments for the Paris law are fulfilled [30]. A similar analysis of 
the cyclic parameters for a tungsten microcantilever is shown 
in Supplementary Information Figure S2. Except for the full 
force–displacement cycles, which were not recorded with the 
highest data acquisition rate, the cyclic response is similar. An 
obvious difference between both materials is that the cyclic 
deflection of the tungsten cantilevers is smaller at similar 
forces, due to their higher elastic modulus.

Morphology of the cyclic tested fracture surfaces

After testing, the fatigued specimens were imaged to observe 
the fracture surface. Postmortem images corresponding to 
the different samples are shown in Fig. 5. The metallic glass 
microcantilever, which is described in detail in Fig. 4, reveals 
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different stages of the cyclic crack growth in Fig. 5(a). The 
initial fracture area under the initial notch shows a rough 
surface with several lines, which represent striations. Addi-
tionally an increase of the striation size with higher cycle 
numbers is observable. The first ones under the initial notch 

are below the microscope resolution, whereas the last ones 
have a size > 10 nm. The length of those striations is in good 
accordance to the determined crack growth rate of Fig. 4(e), 
which are also in the range of ~ 10 nm. This area with stria-
tions has a length of ~ 300 nm. At a longer crack length the 

Figure 4:   Cyclic results of a metallic glass microcantilever. (a) Cyclic force–displacement signal at different stages of the fatigue experiment. (b) Nearly 
constant force range throughout the fatigue tests for R = 0.1. (c) Comparison between the stiffness measured by the indenter and the stiffness 
calculated from the unloading cycles. (d) Evolution of the crack length during the fatigue cycles. (e) Crack growth rate during the experiments. (f ) 
Evolution of the stress intensity factor range.
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fracture surface has a higher roughness and the line structure 
disappears. The crack is stopped after a length of ~ 800 nm, 
which is in good agreement with the calculated crack growth 
in Fig. 4(d). The microcantilever is still connected to the root 
and the remaining thickness shows shearing. This shear-
ing caused the plastic deformation of the cantilever, which 
resulted in the indenter tip losing contact. The experiment 
was stopped accordingly.

The tilted fracture surface of a tungsten microcantilever 
in Fig. 5(b) shows a different behavior than the metallic glass. 
Below the initial notch, striations are also observable, but they 
have a smaller spacing than in the metallic glass. Supplemen-
tary Information Figure S3 shows fracture surface images with 
higher magnification, in which the striations are better visible. 
The dimples, which formed during the crack growth are smaller 
than in the metallic glass. Hence, the transformation to the more 
plastic failure at the lower end of the fracture surface is more 
gradual. The crack grew through the entire microcantilever and 
only a small rest connects the beam to its root.

The tests show no signs of early stage fatigue mechanism, 
like extrusion formation and micro cracking [7, 21, 31]. The 

cracks grow by small steps during each cycle until they are 
arrested. The size of the so formed striations increases. Con-
sequently the crack surfaces in both materials share the same 
fatigue features as seen in macroscopic tests [6, 32].

Evolution of cyclic parameters

The cyclic parameters presented in Sect. 2.2 were used to meas-
ure the cyclic crack growth for each tested microcantilever. The 
results are given in Fig. 6. The crack growth is shown in Fig. 6(a, 
b) in dependence on the cycle number for the metallic glass 
and the tungsten samples. The bright colors encode tests with 
a higher initial stress intensity range. All curves show the same 
trend: the crack length as well as the crack growth rate increase 
with higher cycle numbers. Some tests end after a rather small 
crack growth of ~ 0.75 µm, which is equal to ca. 30% of the 
cantilevers unnotched thickness W-a. In this case, the indenter 
tip lost contact during the experiment, which was mainly seen 
in the metallic glass samples. Furthermore, higher initial stress 
ranges shorten the lifetime of the samples and the stress inten-
sity range increases with higher cycle numbers and the slope 
of the graphs rises in Fig. 6(c, d). This trend is expected from 
Paris’ law [22], which states that an increase of the crack length 
increases the stress intensity and vice versa, for constant load 
amplitudes. As explained in Sect. 2.2, the small force range 
drop at the end of the experiment is compensated by the crack 
growth. To correlate the crack growth with the stress inten-
sity range both parameters are shown on a logarithmic scale in 
Fig. 6(e, f). The curve is a locally weighted regression smooth 
[29], which was used, to reduce the noise of the crack length 
calculated from the CSM stiffness. For both materials the plots 
show the transition from the very low initial cyclic crack growth 
in regime I to the nearly linear relation in regime II. In the 
regime I some tests show an initially higher crack growth rate, 
which then decreases to rise again later. It can be assumed that 
this the influence of the focused ion beam (FIB) preparation 
and the formation of a plasticity-induced crack closure zone. 
The initial crack area is highly damaged and implanted by Ga 
Ions, which reduces the fracture toughness locally [33]. The 
size of this damage zone depends on the material and is smaller 
than 70 nm, as shown by several studies [24, 33, 34]. After the 
crack grows past this region, it stabilizes and shows the fatigue 
behavior of the pristine material.

The initial crack growth rate per cycle in regime I 
is between 10–11 and 10–10  m/cycle in both materials, as 
shown in Fig. 6(e–f ). This is in the lower range of macro-
scopic studies and allows to define the threshold tough-
ness ΔKTH, which was defined as the ΔKI for which the 
growth rate is < 10−10 m/cycle in ASTM standard E647 [30, 
35–37]. ΔKTH is 2.5− 2.8 MPa

√
m for the metallic glass and 

is 2.2− 2.5 MPa
√
m for the tungsten single crystal. This 

Figure 5:   SEM images of the fracture surfaces of different 
microcantilevers after cyclic fatigue crack growth experiments. (a) 
Metallic glass cantilever with the higher recording frequency, described 
in Fig. 4. (b) Tungsten microcantilever with a {001} <110> crack 
orientation. The SEM images show the 45° tilted fracture surface. The 
insets show a view direction inclined to the side of the cantilever.
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threshold was also observed in a pre-test, where a tungsten 
single crystal microcantilever was loaded with an initial stress 
intensity range of 2.0 MPa

√
m . The cantilever withstood 100 

000 cycles without visible crack growth and only a small drop 
of the stiffness (Supplementary Information Figure S4. The 

transition to regime II in macroscopic studies [35–37] is also 
between 10–9 and 10–8 m/cycle, which is in accordance to the 
microscale experiments.

After the crack grows through regime I, it stabilizes. Addi-
tionally there is a transition in the type of crack. In the initial 

Figure 6:   Cyclic parameters of the microcantilever fatigue experiments of the metallic glass (blue) and tungsten (green). (a, b) The increase of crack 
length with higher cycle numbers. (c, d) Evolution of the stress intensity range. (e, f ) Plot of the crack growth rate per cycle with respect to the stress 
intensity range.
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state, the crack can be described as a mechanically short crack 
[38], as there are no pronounced crack closure effects due to the 
unfatigued notch. With the start of cyclic testing, a plasticity-
induced crack closure can form. This reduces the crack growth 
rate and initiates a K-determined crack-propagation behavior as 
a physically short crack [38]. This regime II is described by the 
Paris’ power law relationship [22]:

 where da/dN is the crack growth rate, ΔKI is the stress intensity, 
while C and m are the scaling constants. The Paris’ equation 
exponents were found to be m = 3.8 ± 1.7 and C = 1.5 × 10–11 ± 0.4 
× 10–11 for the metallic glass. While the ones for the tungsten 
single crystals are m = 4.3 ± 0.8 and C = 6.7 × 10–12 ± 3.5 × 10–12.

The Paris’ equation exponents can also be compared to mac-
roscopic results. However, there are no macroscopic fatigue tests 
for the metallic glass Zr48Cu36Ag8Al8. Hence it is compared to 
other ZrCu based metallic glasses, which have comparable mate-
rial properties. These studies determined a stress exponent m of 
1.7–3 and a ΔKTH of 1.8− 2 MPa

√
m [8, 35, 39], which is slightly 

lower than the m = 3.8 and ΔKTH is 2.5− 2.8 MPa
√
m for the 

microscale tests. Studies on cold rolled tungsten measured an m 
of 2.8, which is also below the 4.3 of our results [36]. The ΔKTH in 
this study with ∼ 10 MPa

√
m also five times higher than in the 

microscale tests. The reasons for these small differences are the 
different materials composition and microstructure. The metallic 
glasses of the other studies were shown to have a higher plasticity 
than Zr48Cu36Ag8Al8, which also increases the fatigue life. Cold-
rolled tungsten leads to a ductilization [27, 36], which increases 
the crack growth resistance in comparison to single crystals. Addi-
tionally, the investigated {001} <110> orientation is a weak one, 
which has a lower fracture toughness than other directions [27].

Reliability of the dynamic microcantilever method

The evidenced cyclic crack growth behavior in the Paris’ plot 
is similar to macroscopic literature data [6, 22, 32]. The cracks 
grow stable with an increasing speed. The crack growth rate 
transitions to a stable region is described by the Paris’ law. The 
limitation to positive R ratios with tensile stresses in microcan-
tilevers prevents full crack closure and could bring along cyclic 
creep effects [40]. The creep by the mean stresses should increase 
the crack growth speed. However, creep effects can be neglected 
for the tested specimens, because of the low homologous tem-
perature during the experiments and the small dislocation activ-
ity of tungsten as well as no dislocations in the metallic glass at 
those temperatures [25].

Crack growth was observed through the whole micro-
cantilevers. According to Fig. 6 the cyclic crack growth con-
sisted only of regime I and II. Those regimes only describe 

(1)
da

dN
= C�Km

I ,

the onset of crack growth and stable crack growth [22]. The 
regime III failure by rupture is missing. This is a consequence 
of the sample dimensions and the bending geometry, which is 
already known from previous microcantilevers fracture stud-
ies. Clamping effects at the root of the cantilever stabilize the 
crack, before reaching the other end of the cantilever [24, 41, 
42]. The forces preventing further crack growth at the bottom 
surface of the microcantilever have different origins. Due to the 
bending geometry, the microcantilever contains a stress gradi-
ent with compressive stresses at the bottom. This prevents the 
development of a plastic zone throughout the microcantilever, 
e.g. through unconstrained dislocation motion or shear band 
formation. Only when the remaining ligament of the cantilever 
becomes very small, does the plastic zone below the crack tip 
expand through the whole residual thickness. This corresponds 
to a change to plane stress, which also inhibits further crack 
growth [26]. The formation of a long crack, as described for 
fatigue, cannot happen, as it would have to be > 0.5 mm [38]. 
This also does not allow the change to regime III. Further the 
contact of the tip to a constant loading position on the micro-
cantilever is only guaranteed by friction. Hence the tip could 
slide off the contact point during testing. Measurements of the 
span length between the loading point and the notch in the 
in situ videos show no horizontal movement of the tip (see 
Online Resource 1 and Online Resource 2). Additionally, post 
mortem images also show no signs of tip sliding, as shown in 
Supplementary Information Figure S5. The contact loss in the 
final stage of testing is an effect of the indenter feedback loop. 
The feedback of the displacement-controlled indenter is too 
sluggish to cope with the fast increase in cyclic displacement 
towards the end of the experiments. As a result, the minimal 
force during a cycle Fmin drops below its setpoint so that the 
tip loses contact. A workaround would be to use intrinsically 
force controlled indenters. Furthermore the influence of the 
tip’s contact area on the cyclic load–displacement behavior 
needs to be further investigated, as described in chapter 2.2. 
It is expected to highly depend both on the tip geometry and 
the tested material. This would give a better control over the 
stiffness and hence the crack length. The usage of clamped 
actuators and pure tensile tests, as used by other groups [7, 
15–17], could overcome those effects. On the downside, this 
would increase the experimental complexity.

The Paris’ law [22] relations in Fig. 6(e, f ) are consist-
ent for the metallic glass microcantilevers. Regardless of the 
initial stress intensity factor the different experiments tend 
to overlap in the linear section of regime II. The same can 
be seen for the tungsten microcantilevers but with a higher 
deviation in the results. Nevertheless, the stress exponents 
are in the same range as in macroscopic results, which shows 
the reliability of the method and its comparability to macro-
scopic tests.
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An advantage of the method is that it could be used ex-situ, 
which allows faster and cheaper testing, as ex-situ nanoindent-
ers are more common. They also allow the characterization of 
atmospheric influences. The good control over the crack length by 
fatigue could be used to create fatigued notches for fracture tough-
ness measurements with microcantilevers. This would overcome 
the issue of blunt notches obtained from FIB milling, which have 
a radius of ~ 10 nm [33, 42]. Additionally those fatigued notches 
would comply with the requirements of ASTM norms [30, 43].

Conclusions
The results show that the high cycle fatigue testing method of 
FIB-milled microcantilevers by CSM can be adjusted to meas-
ure cyclic crack growth. The method allows to determine the 
evolution of the crack propagation and the stress intensity range 
during the experiment. This enables to evaluate the transition 
from regime I to regime II crack growth, which allows to track 
the stable crack growth regime described by Paris’ law.

The notched microcantilever geometry was used to inves-
tigate cyclic crack growth in a metallic glass Zr48Cu36Ag8Al8 
and tungsten single crystal in the {001} <110> crack orientation. 
During testing both materials showed the formation of striations 
on their fracture surfaces. The resting line distance increased 
with higher cycle numbers and higher stress intensity ranges. 
The crack growth resistance in monotonic experiments was 
higher for the metallic glass, due to shear banding as an effec-
tive mechanism for crack stopping. Accordingly, the fatigue tests 
showed a higher cyclic crack growth resistance of the metallic 
glass samples. The stress exponents in the Paris’ law were com-
parable to literature results of macroscopic tests.

Following the present validation of the method, it could be 
used in the future to characterize the cyclic crack growth resist-
ance of microstructural constituents, such as individual phases 
and grain boundaries.

Material and methods
Material and sample preparation

For the experiments two materials were chosen. One of those 
materials was the metallic glass Zr48Cu36Ag8Al8. The samples 
were made by centrifugal vacuum casting, in which the 1300 °C 
hot mold was quenched in a copper mold, as described by Haag 
et al. [44]. The metallic glass is perfectly isotropic and has no 
crystallograhpic cleavage planes that could redirect the cracks. 
As the interaction between cracks and dislocations is funda-
mental for the fatigue of metals, also a pure tungsten single 
crystal (purity 99.999%) was investigated. The single crystal was 
obtained from MaTecK Material-Technologie & Kristalle GmbH, 
Germany. The samples were subsequently grounded and electro-
polished to get a deformation free surface area.

Pre-notched microcantilevers were milled on the edges 
of the samples by FIB milling in a Helios Nanolab 600i (Ther-
moFisher Scientific, MA, USA). The first ion beam cuts were 
made with an acceleration voltage of 30 kV and a current of 
9.3 nA. In further steps, the current was progressively reduced 
to 780 pA. A small notch radius of 10 nm was accomplished by 
milling the notch with a current of 80 pA, as shown in previous 
studies [42, 45]. The final dimensions of the cantilevers were 
measured via scanning electron microscopy (SEM) and had 
an aspect ratio of 10:3:3 µm (L(length):W(width):T(thickness)) 
with a crack notch length a0 of ~ 1 µm as shown in Fig. 1(b). In 
total four metallic glass and five tungsten microcantilevers were 
made for testing. As the tungsten samples were made on a single 
crystal the orientation was determined by Electron back scatter 
diffraction (EBSD). The crack orientation was {001} <110> . Per 
convention, the first parameter describes the crack plane and the 
latter represents the crack front direction.

In situ testing

The microcantilevers were loaded with a displacement-con-
trolled in  situ indenter (NMT 03, FemtoTools, Switzerland) 
inside a SEM (1540EsB, Carl Zeiss, Germany) at room tempera-
ture. The indenter was equipped with a 10-µm-long wedge tip. 
The cyclic method of Gabel and Merle [21] was adapted for the 
testing of notched microcantilevers. The experiments are load 
controlled and the stress intensity factor KI was calculated from 
the constant force range [46]:

 where P is the loading force, L is the span length between the 
loading point and the notch, T is the beam thickness, W is the 
beam width and a the crack length. f(a/W) is a dimensionless 
geometry function of the tested specimens, which was described 
by Riedl et al. [46]. The maximum stress intensity in each cycle 
of the experiments is KI,max. To avoid the loss of contact between 
the tip and the cantilevers during the oscillations, the unloading 
segment ended with a stress intensity factor KI,min, which was 
10% of KI,max. Hence the stress intensity ratio R = KI,min/KI,max 
was 0.1 at the beginning of all experiments.

The test were started by loading the cantilevers to the mean 
stress intensity (KI,min + KI,max)/2. Then the 10 Hz CSM oscil-
lation was ramped-up within 25 cycles to the initial ΔKI. The 
first cycle was defined when ΔKI was reached. To track the 
cantilevers during the experiments, movies were recorded by 
SEM. To overcome the vibrations from actuation of the canti-
levers during the SEM recording, the imaging time was set to 
a multiple of 100 ms. The difference by non-matching imag-
ing frequencies can be seen in Online Resource 1 and Online 
Resource 2. Both Online Resources show fatigue tests of 

(2)KI =
6PL

√
πa

TW2
f
( a

W

)

,
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tungsten microcantilevers. The first test has an image recording 
time of 111 ms, while Online Resource 2 has a recording time 
of 1000 ms. The second one has a better image quality and the 
microcantilever image stays nearly constant over a long time 
period. Tests ended either when the indenter tip lost contact, 
due to a too large deflection of the microcantilevers, which 
could be also a result of the feedback loop being too sluggish to 
stop the cantilever from losing contact, or when the microcan-
tilevers broke off. For each cycle one data point per measured 
and saved, which was generated by the higher recording rate 
of the instrument. After the tests the fracture surfaces were 
inspected via SEM.

The experiments used a feedback loop of the indenter 
for maintaining a constant load range ΔP. This leads to an 
increase of the cyclic stress intensity, if the initial notch grows. 
The crack growth Δa can be determined by the change in 
dynamic cantilever stiffness, from the CSM signal. The CSM 
stiffness SCSM is calculated as the ratio between the maximal 
and minimal force and displacement in each loop. The stiff-
ness and Δa are correlated, as shown via Finite Element (FE) 
modeling [28]. The prerequisite for this model is that the 
plastic deformation in each cycle is negligible. For simpli-
fication this was assumed for all cycles. As the crack grows, 
the stress intensity as well as the plastic deformation in each 
cycle increase. Hence the stiffness will get underestimated 
during the experiments. In one test the acquisition rate of 
the indenter was set to 400 Hz to get 40 data points for each 
fatigue cycle N and to determine the effects in each cycle. The 
mean force for this experiment was set to be 273 µN and the 
force range to 446 µN. With those parameters the initial stress 
intensity range, as calculated with Eq. 1, was ∼ 2.37 MPa

√
m 

with an R value of 0.1.
For comparison between the cyclic behavior and the 

monotonic behavior of the materials, additional mono-
tonic loading tests of notched microcantilevers were 
done. One microsample was measured per material in the 
in situ indenter. The displacement rate of the tip was set to 
20 nm/s. The evaluation methodology for those fracture 
toughness measurements are described elsewhere [23–25]. 
To determine the fracture toughness of the materials, the 
0.2 µm crack growth criteria was used, which was estab-
lished by Ast et al. [24, 26]. It describes the fracture tough-
ness as the intersection of the crack growth resistance with 
a vertical line at 0.2 µm crack growth. The criterion only 
describes the fracture initiation, which causes an underes-
timation for materials with high plasticity at larger crack 
growth. However, it can be used for brittle and semi-brit-
tle materials and its results are in line with macroscopic 
experiments.

Acknowledgments 
This project has received funding from the European 

Research Council (ERC) under the European Union’s Horizon 
2020 research and innovation programme (microKIc, Grant 
agreement No. 725483 and NanoHighSpeed, Grant agreement 
No. 949626). This research used resources from the Center 
for Nanoanalysis and Electron Microscopy (CENEM) and the 
Interdisciplinary Center for Nanostructured Films (IZNF) at 
Friedrich-Alexander University Erlangen-Nürnberg (FAU).

Author contribution 
SG: conceptualization, methodology, investigation, writ-

ing—original draft, BM: resources, formal analysis, writing—
reviewing. EB: writing—reviewing. MG: writing—reviewing.

Funding 
Open Access funding enabled and organized by Projekt 

DEAL.

Data availability 
The datasets generated during and analyzed during the 

current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding 
author states that there is no conflict of interest.

Supplementary Information
The online version contains supplementary material avail-

able at https://​doi.​org/​10.​1557/​s43578-​022-​00618-x.

Open Access
This article is licensed under a Creative Commons Attribu-

tion 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative 
Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Crea-
tive Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. 
To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​
licen​ses/​by/4.​0/.

https://doi.org/10.1557/s43578-022-00618-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 1
2 

 J
un

e 
20

22
 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s) 2022 2071

References
	 1.	 T. Daniel, M. Smaga, T. Beck, Cyclic deformation behavior of 

metastable austenitic stainless steel AISI 347 in the VHCF regime 
at ambient temperature and 300 °C. Int. J. Fatigue 156, 106632 
(2022). https://​doi.​org/​10.​1016/j.​ijfat​igue.​2021.​106632

	 2.	 H. Shi, D. Liu, X. Zhang, W. Zhao, Z. Liu, M. Li, Y. He, Effect of 
plasma electrolytic oxidation on the hot salt corrosion fatigue 
behavior of the TC17 titanium alloy. Mater. Corros. n/a, (n.d.). 
https://​doi.​org/​10.​1002/​maco.​20211​2756.

	 3.	 P.M. Pohl, F. Kümmel, C. Schunk, I. Serrano-Munoz, H. Marköt-
ter, M. Göken, H.W. Höppel, About the role of interfaces on the 
fatigue crack propagation in laminated metallic composites. 
Materials 14, 2564 (2021). https://​doi.​org/​10.​3390/​ma141​02564

	 4.	 G. Hou, D.-G. Shang, L.-X. Zuo, L.-F. Qu, M. Xia, S. Wu, G.-C. 
Hao, Fatigue life prediction of needled ceramic matrix composite 
under variable amplitude loading. Int. J. Fatigue (2021). https://​
doi.​org/​10.​1016/j.​ijfat​igue.​2021.​106690

	 5.	 H. Mughrabi, H.W. Höppel, M. Kautz, Fatigue and microstruc-
ture of ultrafine-grained metals produced by severe plastic 
deformation. Scr. Mater. 51, 807–812 (2004). https://​doi.​org/​10.​
1016/j.​scrip​tamat.​2004.​05.​012

	 6.	 R. Wang, H. Mughrabi, Fatigue of copper single crystals in 
vacuum and in air II: fatigue crack propagation. Mater. Sci. Eng. 
65, 235–243 (1984). https://​doi.​org/​10.​1016/​0025-​5416(84)​
90085-5

	 7.	 S. Lavenstein, J.A. El-Awady, Micro-scale fatigue mechanisms in 
metals: insights gained from small-scale experiments and dis-
crete dislocation dynamics simulations. Curr. Opin. Solid State 
Mater. Sci. 23, 100765 (2019). https://​doi.​org/​10.​1016/j.​cossms.​
2019.​07.​004

	 8.	 B.C. Menzel, R.H. Dauskardt, Stress-life fatigue behavior of a 
Zr-based bulk metallic glass. Acta Mater. 54, 935–943 (2006). 
https://​doi.​org/​10.​1016/j.​actam​at.​2005.​10.​021

	 9.	 R. Conner, W. Johnson, N. Paton, W.D. Nix, Shear bands and 
cracking of metallic glass plates in bending. J. Appl. Phys. (2003). 
https://​doi.​org/​10.​1063/1.​15825​55

	10.	 Y. Sakamoto, H. Tokunaga, K. Fujita, W. Zhang, H. Kimura, A. 
Inoue, Plane-Strain Fracture Toughness in Cu-Zr-Ag-Al Bulk 
Metallic Glass. Wiss. Artik. Zu J Jpn. Inst Met. … Met. Assoc. Jpn. 
Inst. Met. … - Jaffee - Zitiert Von 371 Theory Breakdown Anodic 
Oxide Films Met. - Sato - Zitiert Von 569 Mech. Atmospheric 
Rusting … - Misawa - Zitiert Von 535 J. Jpn. Inst. Met. Mater. 72, 
664–647 (2008). https://​doi.​org/​10.​2320/​jinst​met.​72.​644.

	11.	 B. Merle, M. Göken, Bulge fatigue testing of freestanding and 
supported gold films. J. Mater. Res. 29, 267–276 (2014). https://​
doi.​org/​10.​1557/​jmr.​2013.​373

	12.	 B. Putz, B. Völker, C. Semprimoschnig, M.J. Cordill, Influence of 
extreme thermal cycling on metal-polymer interfaces. Micro-
electron. Eng. 167, 17–22 (2017). https://​doi.​org/​10.​1016/j.​mee.​
2016.​10.​012

	13.	 E. Hosseinian, O.N. Pierron, Quantitative in situ TEM tensile 
fatigue testing on nanocrystalline metallic ultrathin films. 
Nanoscale 5, 12532–12541 (2013). https://​doi.​org/​10.​1039/​
C3NR0​4035F

	14.	 X. Li, B. Bhushan, Development of a nanoscale fatigue measure-
ment technique and its application to ultrathin amorphous 
carbon coatings. Scr. Mater. 47, 473–479 (2002). https://​doi.​org/​
10.​1016/​S1359-​6462(02)​00181-1

	15.	 D. Kiener, C. Motz, W. Grosinger, D. Weygand, R. Pippan, Cyclic 
response of copper single crystal micro-beams. Scr. Mater. 63, 
500–503 (2010). https://​doi.​org/​10.​1016/j.​scrip​tamat.​2010.​05.​014

	16.	 A.H.S. Iyer, M.H. Colliander, Cyclic deformation of micro-
cantilevers using in-situ micromanipulation. Exp. Mech. 61, 
1431–1442 (2021). https://​doi.​org/​10.​1007/​s11340-​021-​00752-3

	17.	 C. Howard, R. Fritz, M. Alfreider, D. Kiener, P. Hosemann, The 
influence of microstructure on the cyclic deformation and dam-
age of copper and an oxide dispersion strengthened steel studied 
via in-situ micro-beam bending. Mater. Sci. Eng. A 687, 313–322 
(2017). https://​doi.​org/​10.​1016/j.​msea.​2017.​01.​073

	18.	 S. Lavenstein, B. Crawford, G.-D. Sim, P.A. Shade, C. Woodward, 
J.A. El-Awady, High frequency in situ fatigue response of Ni-base 
superalloy René-N5 microcrystals. Acta Mater. 144, 154–163 
(2018). https://​doi.​org/​10.​1016/j.​actam​at.​2017.​10.​049

	19.	 W.C. Oliver, J.B. Pethica, Method for continuous determina-
tion of the elastic stiffness of contact between two bodies, 
US4848141A, 1989.

	20.	 B. Merle, H.W. Höppel, Microscale high-cycle fatigue testing 
by dynamic micropillar compression using continuous stiffness 
measurement. Exp. Mech. 58, 465–474 (2018). https://​doi.​org/​10.​
1007/​s11340-​017-​0362-3

	21.	 S. Gabel, B. Merle, Small-scale high-cycle fatigue testing by 
dynamic microcantilever bending. MRS Commun. 10, 332–337 
(2020). https://​doi.​org/​10.​1557/​mrc.​2020.​31

	22.	 P. Paris, F. Erdogan, A critical analysis of crack propagation laws. 
J. Basic Eng. 85, 528–533 (1963). https://​doi.​org/​10.​1115/1.​36569​
00

	23.	 S. Gabel, S. Giese, B. Merle, I. Sprenger, M. Heilmaier, S. Neu-
meier, E. Bitzek, M. Göken, Microcantilever fracture tests on 
eutectic NiAl–Cr(Mo) in situ composites. Adv. Eng. Mater. 23, 
2001464 (2021). https://​doi.​org/​10.​1002/​adem.​20200​1464

	24.	 J. Ast, B. Merle, K. Durst, M. Göken, Fracture toughness evalua-
tion of NiAl single crystals by microcantilevers: a new continu-
ous J-integral method. J. Mater. Res. 31, 3786–3794 (2016). 
https://​doi.​org/​10.​1557/​jmr.​2016.​393

	25.	 J. Ast, J.J. Schwiedrzik, J. Wehrs, D. Frey, M.N. Polyakov, J. 
Michler, X. Maeder, The brittle-ductile transition of tungsten sin-
gle crystals at the micro-scale. Mater. Des. 152, 168–180 (2018). 
https://​doi.​org/​10.​1016/j.​matdes.​2018.​04.​009

	26.	 J. Ast, M. Göken, K. Durst, Size-dependent fracture toughness 
of tungsten. Acta Mater. 138, 198–211 (2017). https://​doi.​org/​10.​
1016/j.​actam​at.​2017.​07.​030

https://doi.org/10.1016/j.ijfatigue.2021.106632
https://doi.org/10.1002/maco.202112756
https://doi.org/10.3390/ma14102564
https://doi.org/10.1016/j.ijfatigue.2021.106690
https://doi.org/10.1016/j.ijfatigue.2021.106690
https://doi.org/10.1016/j.scriptamat.2004.05.012
https://doi.org/10.1016/j.scriptamat.2004.05.012
https://doi.org/10.1016/0025-5416(84)90085-5
https://doi.org/10.1016/0025-5416(84)90085-5
https://doi.org/10.1016/j.cossms.2019.07.004
https://doi.org/10.1016/j.cossms.2019.07.004
https://doi.org/10.1016/j.actamat.2005.10.021
https://doi.org/10.1063/1.1582555
https://doi.org/10.2320/jinstmet.72.644
https://doi.org/10.1557/jmr.2013.373
https://doi.org/10.1557/jmr.2013.373
https://doi.org/10.1016/j.mee.2016.10.012
https://doi.org/10.1016/j.mee.2016.10.012
https://doi.org/10.1039/C3NR04035F
https://doi.org/10.1039/C3NR04035F
https://doi.org/10.1016/S1359-6462(02)00181-1
https://doi.org/10.1016/S1359-6462(02)00181-1
https://doi.org/10.1016/j.scriptamat.2010.05.014
https://doi.org/10.1007/s11340-021-00752-3
https://doi.org/10.1016/j.msea.2017.01.073
https://doi.org/10.1016/j.actamat.2017.10.049
https://doi.org/10.1007/s11340-017-0362-3
https://doi.org/10.1007/s11340-017-0362-3
https://doi.org/10.1557/mrc.2020.31
https://doi.org/10.1115/1.3656900
https://doi.org/10.1115/1.3656900
https://doi.org/10.1002/adem.202001464
https://doi.org/10.1557/jmr.2016.393
https://doi.org/10.1016/j.matdes.2018.04.009
https://doi.org/10.1016/j.actamat.2017.07.030
https://doi.org/10.1016/j.actamat.2017.07.030


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 1
2 

 J
un

e 
20

22
 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s) 2022 2072

	27.	 P. Gumbsch, J. Riedle, A. Hartmaier, H.F. Fischmeister, Control-
ling factors for the brittle-to-ductile transition in tungsten single 
crystals. Science 282, 1293–1295 (1998). https://​doi.​org/​10.​1126/​
scien​ce.​282.​5392.​1293

	28.	 J. Ast, T. Przybilla, V. Maier, K. Durst, M. Göken, Microcantilever 
bending experiments in NiAl: evaluation, size effects, and crack 
tip plasticity. J. Mater. Res. 29, 2129–2140 (2014). https://​doi.​org/​
10.​1557/​jmr.​2014.​240

	29.	 W.S. Cleveland, LOWESS: a program for smoothing scatterplots 
by robust locally weighted regression. Am. Stat. 35, 54 (1981)

	30.	 ASTM Standard E647: Standard Test Method for Measurement 
of Fatigue Crack Growth Rates (West Conshohocken, PA, U.S.A: 
ASTM International, 2008).

	31.	 A.H. Cottrell, D. Hull, N.F. Mott, Extrusion and intrusion by 
cyclic slip in copper. Proc. R. Soc. Lond. Ser. Math. Phys. Sci. 
242, 211–213 (1957). https://​doi.​org/​10.​1098/​rspa.​1957.​0170

	32.	 R.K. Neerukatti, S. Datta, A. Chattopadhyay, N. Iyyer, N. Phan, 
Fatigue crack propagation under in-phase and out-of-phase 
biaxial loading. Fatigue Fract. Eng. Mater. Struct. 41, 387–399 
(2018). https://​doi.​org/​10.​1111/​ffe.​12690

	33.	 D. Kiener, C. Motz, M. Rester, M. Jenko, G. Dehm, FIB damage 
of Cu and possible consequences for miniaturized mechanical 
tests. Mater. Sci. Eng. A 459, 262–272 (2007). https://​doi.​org/​10.​
1016/j.​msea.​2007.​01.​046

	34.	 E.I. Preiß, B. Merle, Y. Xiao, F. Gannott, J.P. Liebig, J.M. Wheeler, 
M. Göken, Applicability of focused Ion beam (FIB) milling with 
gallium, neon, and xenon to the fracture toughness characteri-
zation of gold thin films. J. Mater. Res. 36, 2505–2514 (2021). 
https://​doi.​org/​10.​1557/​s43578-​020-​00045-w

	35.	 S.E. Naleway, R.B. Greene, B. Gludovatz, N.K.N. Dave, R.O. 
Ritchie, J.J. Kruzic, A highly fatigue-resistant Zr-based bulk 
metallic glass. Metall. Mater. Trans. A 44, 5688–5693 (2013). 
https://​doi.​org/​10.​1007/​s11661-​013-​1923-4

	36.	 S. Pillmeier, S. Žák, R. Pippan, A. Hohenwarter, Influence of cold 
rolling on the fatigue crack growth behavior of tungsten. Mater. 
Sci. Eng. A 805, 140791 (2021). https://​doi.​org/​10.​1016/j.​msea.​
2021.​140791

	37.	 M.E. Launey, R. Busch, J.J. Kruzic, Effects of free volume changes 
and residual stresses on the fatigue and fracture behavior of a 

Zr–Ti–Ni–Cu–Be bulk metallic glass. Acta Mater. 56, 500–510 
(2008). https://​doi.​org/​10.​1016/j.​actam​at.​2007.​10.​007

	38.	 U. Krupp: Crack Propagation: Microstructural Aspects. Fatigue 
Crack Propag. Met. Alloys (John Wiley & Sons, Ltd, 2007), pp. 
135–206. https://​doi.​org/​10.​1002/​97835​27610​686.​ch6.

	39.	 Y. Nakai, M. Seki, Mechanisms and mechanics of fatigue crack 
propagation in Zr-based bulk metallic glass. Key Eng. Mater. 
378–379, 317–328 (2008). https://​doi.​org/​10.​4028/​www.​scien​
tific.​net/​KEM.​378-​379.​317

	40.	 R. Eckert, C. Laird, J. Bassani, Mechanism of fracture produced 
by fatigue cycling with a positive mean stress in copper. Mater. 
Sci. Eng. 91, 81–88 (1987). https://​doi.​org/​10.​1016/​0025-​
5416(87)​90285-0

	41.	 F. Iqbal, J. Ast, M. Göken, K. Durst, In situ micro-cantilever tests 
to study fracture properties of NiAl single crystals. Acta Mater. 
60, 1193–1200 (2012). https://​doi.​org/​10.​1016/j.​actam​at.​2011.​10.​
060

	42.	 S. Wurster, C. Motz, R. Pippan, Characterization of the fracture 
toughness of micro-sized tungsten single crystal notched speci-
mens. Philos. Mag. 92, 1803–1825 (2012). https://​doi.​org/​10.​
1080/​14786​435.​2012.​658449

	43.	 ASTM International: ASTM Standard E1820, Standard Test 
Method for Measurement of Fracture Toughness. Technical 
report. ASTM Int. West Conshohocken PA U. S. (2013).

	44.	 F. Haag, D. Beitelschmidt, J. Eckert, K. Durst, Influences of 
residual stresses on the serrated flow in bulk metallic glass under 
elastostatic four-point bending: a nanoindentation and atomic 
force microscopy study. Acta Mater. 70, 188–197 (2014). https://​
doi.​org/​10.​1016/j.​actam​at.​2014.​01.​053

	45.	 D. Di Maio, S.G. Roberts, Measuring fracture toughness of coat-
ings using focused-ion-beam-machined microbeams. J. Mater. 
Res. 20, 299–302 (2005). https://​doi.​org/​10.​1557/​JMR.​2005.​0048

	46.	 A. Riedl, R. Daniel, M. Stefenelli, T. Schöberl, O. Kolednik, C. 
Mitterer, J. Keckes, A novel approach for determining fracture 
toughness of hard coatings on the micrometer scale. Scr. Mater. 
67, 708–711 (2012). https://​doi.​org/​10.​1016/j.​scrip​tamat.​2012.​06.​
034

https://doi.org/10.1126/science.282.5392.1293
https://doi.org/10.1126/science.282.5392.1293
https://doi.org/10.1557/jmr.2014.240
https://doi.org/10.1557/jmr.2014.240
https://doi.org/10.1098/rspa.1957.0170
https://doi.org/10.1111/ffe.12690
https://doi.org/10.1016/j.msea.2007.01.046
https://doi.org/10.1016/j.msea.2007.01.046
https://doi.org/10.1557/s43578-020-00045-w
https://doi.org/10.1007/s11661-013-1923-4
https://doi.org/10.1016/j.msea.2021.140791
https://doi.org/10.1016/j.msea.2021.140791
https://doi.org/10.1016/j.actamat.2007.10.007
https://doi.org/10.1002/9783527610686.ch6
https://doi.org/10.4028/www.scientific.net/KEM.378-379.317
https://doi.org/10.4028/www.scientific.net/KEM.378-379.317
https://doi.org/10.1016/0025-5416(87)90285-0
https://doi.org/10.1016/0025-5416(87)90285-0
https://doi.org/10.1016/j.actamat.2011.10.060
https://doi.org/10.1016/j.actamat.2011.10.060
https://doi.org/10.1080/14786435.2012.658449
https://doi.org/10.1080/14786435.2012.658449
https://doi.org/10.1016/j.actamat.2014.01.053
https://doi.org/10.1016/j.actamat.2014.01.053
https://doi.org/10.1557/JMR.2005.0048
https://doi.org/10.1016/j.scriptamat.2012.06.034
https://doi.org/10.1016/j.scriptamat.2012.06.034

	A new method for microscale cyclic crack growth characterization from notched microcantilevers and application to single crystalline tungsten and a metallic glass
	Anchor 2
	Introduction
	Results and discussion
	Monotonic testing
	Evolution of the experimental parameters during cyclic testing
	Morphology of the cyclic tested fracture surfaces
	Evolution of cyclic parameters
	Reliability of the dynamic microcantilever method

	Conclusions
	Material and methods
	Material and sample preparation
	In situ testing

	Acknowledgments 
	References




