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Focused ion beam (FIB) milling has been widely used to prepare micron-sized specimens for micromechanical
testing, however, at the same time, unavoidable artifacts originating from the Ga™ ion beam might alter the
obtained mechanical properties. Using a bridge notch geometry, which can promote the formation of a sharp
natural crack after bridge-failure rather than creating a comparably blunt FIB notch was proposed as a strategy to
reduce FIB-induced artifacts more than a decade ago. Even though bridge-failure is widely assumed and pre-
dicted by finite element method (FEM) simulations, it has never been observed and quantified experimentally.
This study presents the first experimental observation of bridge notch failure and crack arrest before the entire
through-thickness main notch (after crack arrest) propagates, which is possible by designing thin bridges and
using a stiff experimental setup with superior load resolution. Consequently, we obtained up to three corre-
sponding fracture toughness values from one bending cantilever and significantly less scattered data. Using
previously reported geometry correction factors calculated by FEM, the fracture toughness estimated from the
bridge-failure was compared with the one from the failure of the main through-thickness notch in CrN/AIN

multi-layered and CrN hard coatings.

1. Introduction

In recent years, there have been significant advances in the design of
hard protective coatings that have yielded improved mechanical prop-
erties [1]. In hard coating applications, several micrometers thick
coatings deposited on the substrate determine the service life of the
component. Determining and optimizing their mechanical properties,
for example, fracture toughness, has become one of the most challenging
tasks since the conventional approaches cannot be applied and there is
no standardized procedure to evaluate the fracture toughness at the
micro/nano scale [2]. The most widely used experimental method for
assessing fracture toughness K. at a small length scale is the single
micro-cantilever fracture test [3-5], because it is relatively easy to
fabricate samples with a well-defined geometry.

In most cases, micro-cantilevers and their pre-notch are fabricated
using Ga™ focused ion beam (FIB) milling. There are different types of
pre-notches for single micro-cantilever beam geometry, for instance, a
chevron notch [6], a through-thickness notch [7], and a bridge notch
[8]. Compared to the simple and well-defined geometry of a cantilever
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with a through-thickness notch, it is difficult to determine the crack
length in cantilevers with chevron notches during the test and to
maintain the symmetry of the chevron notch during FIB milling. In the
case of through-thickness notches, it is easier to calculate fracture
toughness from the experiment because of its well-defined geometry,
however, the higher milling rate of the FIB at the side of the cantilevers,
so-called “over-fibbing” results in a curved notch front rather than a
straight front. Furthermore, the stress-field around the over-fibbed
notch is significantly more complicated compared to that of an ideal
through-thickness notch.

Besides the over-fibbed notch geometry of a micro-cantilever, FIB-
induced artifacts, for example, Ga* implantation [9], knock-on damage
[10], FIB-induced crystal defects [11,12], residual stresses [13], a finite
notch root radius [8,14] and re-deposition [15], strongly affect the
fracture toughness values measured by micro fracture experiment.
Although FIB milling can produce sharp notches at the desired location
with high spatial resolution, it has a certain root radius, typically around
10 nm [8], which is larger than that of natural cracks or fatigue cracks.
There are alternative geometries for micro fracture tests, such as
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clamped beam bending geometry [16], which can promote stable crack
propagation thus the sample fails by a natural crack, however, there are
more complications and limitations in this geometry, for instance, notch
alignment. Another approach to circumvent the Ga' FIB artifacts is
using FIB with different ion species [17], or optimizing FIB milling
conditions [18]. For instance, He from helium ion beam milling (HIM)
does not show any chemical interactions with the sample [19] and also
offers a smaller beam size, resulting in smaller notch root radius [20].
HIM can also be used to fabricate micro cantilevers, however, the
milling speed is much slower than Ga™ FIB milling [21].

One of the approaches to reduce the FIB-induced cantilever side ef-
fects is using a bridge notch. As soon as the thin bridge fails, an atomi-
cally sharp crack will be nucleated and propagate leading to the
complete failure of the cantilever [8]. This method has been proven
effective in various material systems such as carbide hard-coatings [22],
silicon oxide thin films [8], or intermetallic phases [23]. The advantage
of this geometry is that it can create a natural crack which is less affected
by FIB damage, so that it is possible to measure materials’ inherent
properties. However, to the best of our knowledge, bridge failure had
not been experimentally observed.

The computation of a new geometry factor is required to assess the
fracture toughness from a single cantilever with a bridge notch.
Brinckmann et al. [24] computed this geometry factor and related it to
the geometry factor of a through-thickness one by defining a correction
factor. Based on this correction factor and the geometry factor of a
through-thickness notch, the local stress intensity at the bridge notch
can be estimated.

In this study, we present the first observation of crack propagation
and crack arrest at the bridge notch before the final fracture of a single
cantilever in CrN/AIN multi-layered and CrN monolithic hard coatings.
The quantification of the fracture toughness from the bridge-failure
shows good correlation (less than 10% deviation) to the one calcu-
lated from the failure of the main through-thickness notch after the
bridge failure, in other words crack arrests.

2. Materials and methods
2.1. Thin coating preparation

Two different coatings were grown on Si (100) substrates by un-
balanced reactive magnetron sputtering: monolithic CrN with a thick-
ness of 1.46 pym and a CrN/AIN multi-layered coating with a total
thickness of 1.88 ym. The CrN/AIN multi-layered coating consisted of
alternating layers of approximately 4 nm CrN and 2 nm AIN. The coat-
ings were prepared in an AJA ATC-1800 ultra-high vacuum deposition
system equipped with one Cr (purity 99.95%) and one Al (purity
99.99%) target, which both had a three-inch diameter. The targets were
powered in pulsed DC mode with a pulse frequency of 100 kHz and a
pause of 1 ps. A time-averaged power of 300 W and 500 W was applied
to the Cr and Al target materials, respectively. The coatings were grown
in a mixed No/Ar (12 sccm / 8 scem flow rate ratio) gas atmosphere at a
total gas pressure of 0.2 Pa. A DC bias voltage of -70 V was applied to the
substrates during coating growth to ensure the formation of a dense
coating morphology. While the deposition parameters were kept con-
stant throughout the deposition process, mechanical shutters under
computer control opened and closed at regular time intervals to create
the multilayer structure (in the case of the CrN/AIN multi-layered
coating).

Prior to the deposition, the Si (1 00) substrates (7 x 20 x 0.38 mm3)
were pre-cleaned in an acetone- or ethanol-filled ultrasonic bath for at
least 5 min in each, before they were clamped on the substrate holder
and transferred to the vacuum chamber in the load-lock system. The
base pressure in the vacuum chamber was below 3 x 10°® mbar. After
thermal cleaning of the substrates at 550 °C for 30 min, the substrates
were ion etched for 5-10 min at 500 °C in pure Ar atmosphere and the
targets were sputter-cleaned under the closed shutters for 5 min using
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the same parameters as later used during the deposition process, first in
pure Ar gas and then in mixed Ny/Ar gas atmosphere. The substrates
rotated constantly with a rotation frequency of about 0.5 Hz.

2.2. Fabrication of micro-cantilevers

Before producing cantilevers using FIB, the silicon substrates of both
CrN/AIN multi-layered and CrN hard coatings were etched using a 30 wt
% potassium hydroxide (KOH) solution for 30 min at 60 °C to obtain 20
um long freestanding film segments. Then, the cantilevers were prepared
by FIB milling (Crossbeam 550L, Zeiss) at 30 kV in 3 steps; rough milling
with 3nA, intermediate milling with 700 pA, and fine milling with 50 pA
probe current. Notches were fabricated with a 20 pA current and 1.0 us
dwell time to have a straight notch front without noticeable FIB re-
deposition. The geometry of cantilevers is shown in Fig. 1; L is the dis-
tance between the loading position and the notch, H is the distance
between the base of the cantilever and the notch, B is the cantilever
width, b is the notch width, W is the cantilever thickness, a is the notch
depth. The a/W ratios are between 0.2 and 0.3. The nominal width B of
the cantilever was about 1.9 um for CrN/AIN multi-layered hard coat-
ings and 1.5 pm for CrN hard coatings, and the nominal ratios of H:L:W:B
are 1:5:1:1. The width of ligaments (or bridges) next to the notch, b, was
kept as small as possible, with a ratio of b/B of 0.92 which implies that
each bridge has a relative width of 4% with respect to the cantilever
width.

2.3. In situ SEM mechanical testing

In situ micromechanical fracture experiments were conducted to
determine the fracture toughness of the hard coatings inside an SEM
(Merlin Gemini II, Zeiss). A Hysitron PI 89 NG SEM Picolndenter
(Bruker) equipped with a 10 pm wide diamond wedge tip (Synton-MDP
AG) was used in displacement-controlled mode with a displacement rate
of 5 nm/s. The low load transducer of the PI 89 NG was used, which has
a maximum load of 10 mN and noise floor of 0.4 pN.

2.4. Data analysis

The analytical solution for the conditional fracture toughness Kiq, ref
in single cantilever bending tests under loads gives [8]:

Kigrer = ifMamy (1) (€9)]

BW3/2 w.
where F is the load at fracture, and fyqy (V%) is a geometry shape
factor for an ideally straight through-thickness notch proposed by Matoy
et al. [8] which is described as below.

Frtaoy (%) = 1.46+24.36(a/ W) — 47.21(a/ W) +75.18(a/ W)’ @

In this study, we use bridge notches that do not have a straight initial
crack front (see Fig. 1, right). According to the FEM simulations of
Brinckmann et al. [24], the relative ratio between the stress intensity at
the top of the bridges and the one at the center of the notch depends on
the geometry of the bridges, which is described by the aforementioned
correction factor. Using the correction factor, the conditional fracture
toughness can be calculated from a micro-cantilever with a bridge notch.
A detailed evaluation of the stress intensity factors in the different
cantilever sections follows in Section 3.3.

Note that the conditional fracture toughness Kjqo, ref as calculated
from Eq. (1) can be considered as fracture toughness K} for the samples
investigated in this study.
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cross section
along pre-notch

Fig. 1. Geometry of a bridge notch single cantilever.

3. Results
3.1. Direct observation of material bridge-failure

Fig. 2a shows a SEM image of a representative CrN/AIN multi-
layered micro-cantilever with a bridge notch before deformation. The
load—-displacement curve shows elastic loading in the beginning and
three discontinuous points, denoted as B1, B2, and C (Fig. 2b). By image-
frame analysis of the in situ SEM video, it is found that B1 and B2
correspond to the failure of the bridges as shown in Fig. 2d and e,
respectively (see Supplementary Video S1). Compared to the image
before the bridge-failure (Fig. 2c), arrested cracks are clearly visible
after bridge failure, as pointed out by the white arrows in Fig. 2d and e.
Once the bridges break, the cantilever stiffness is reduced by 10% in
average, and this stiffness reduction leads to a load drop at B1 and B2 as

the displacement is constant. The length of the arrested crack in Fig. 2e is
measured to be 630 nm which is a little deeper than the depth of the FIB-
notch which is 575 nm. Fig. 2f shows an SEM image of the fractured
surface; the CrN/AIN multi-layered coating has a dense morphology,
and the columnar grain structure is visible. However, any noticeable
features at the bridges which might originate from the crack arrest
cannot be detected. For the fracture toughness evaluation in the
following sections, the geometry and depth of the notch were measured
from the fracture surface images.

3.2. Cumulative distribution of the maximum load

Similar experiments were performed on 11 cantilevers from CrN/AIN
multilayer hard coatings. For each test, the bridge failure and subse-
quently crack arrest before the final fracture were observed. And Fig. 3
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S0 B1, B2: bridge failure

C: through-thickness notch failure
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Fig. 2. (a) Free-standing CrN/AIN multi-layered hard coating cantilever; (b) load-displacement curve showing elastic region and three discontinuous points. B1 and
B2 are the bridge-failure points, and C is the cantilever fracture point; (¢) SEM image of the cantilever before the bridge-failure; (d) SEM image showing failure of one
of the bridges when the load reaches to B1; (e) SEM image at B2 showing the failure of the other bridge; (f) fracture surface of the cantilever after point C.
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Fig. 3. The normal cumulative distribution of load measured at B1, B2 and C
for 11 CrN/AIN multi-layered cantilevers. The shade bands represent 95%
confidence intervals.

shows the cumulative distribution function of the load drops, the
maximum load at B1, B2, and C point correspond to Fgj, Fpy, and Fg,
respectively. We fit those data with a normal cumulative distribution
function (CDF). The shades represent a 95% confidence interval. Fpj,
Fp, and F¢ mean load is 177.1 pN, 202.5 pN, and 219.8 pN, and the
standard deviation is 26.4 uN, 27.7 uN, and 12.8 pN, respectively.

The key findings are reflected in the cumulative probability curve: (i)
The force for the complete cantilever failure, F¢, shows much less scatter
compared to Fp; and Fpy, as the standard deviation is less than half of
that of Fp; and Fpy. A possible scenario is that the complete failure of the
cantilever is driven by natural cracks which are formed by bridge failure,
thus Fc is less susceptible to FIB artifacts, for example, FIB damage and
notch radius. (ii) The variation of the distribution in Fg; and Fg, are
comparable. This suggests that the earlier bridge failure at B1, does not
affect the second bridge failure event.

In most of cases, we observed two distinct load drops for each bridge
failure at points B1 and B2. In rare cases, B1 and B2 occurred at the same
load. Due to a possible asymmetry of the bridge shape on either side e.g.
due to slight differences in bridge geometry, redeposition at the FIB-
notch, different grain boundaries at the two bridges, and et cetera, B1
and B2 typically do not occur at exactly the same load. As soon as both
bridges failed (see region after B2 in the load-displacement curve
(Fig. 2b)), the notch can be regarded as a through-thickness notch with a
sharp natural crack at both sides (Fig. 2d). The stress intensity, in this
case, can be described by equation (1), which means that the fracture
toughness obtained from F¢ at point C is Kic = Kjq, ref, c-

3.3. Cumulative distribution of the Kj.

From the maximum force before the fracture of bridges and canti-
levers, Fpj, Fpg, and Fg, the critical stress intensity factors were calcu-
lated. In the case of the final fracture, F¢, we assumed a through-
thickness notch although the exact geometry of the FIB-notch and the
natural crack after the breaking of the bridges is more complex. In the
case of bridge failure, we used a correction factor, f,,, proposed by
Brinckmann et al. [24], which predicts the stress intensity at the top side
of the bridge with respect to the one at the center of the FIB-notch. Then,
we can calculate the bridge failure toughness Kj.* using the same ge-
ometry factor for the cantilever by Matoy et al. [8] and correcting the
relative ratio between stress intensity at the top of the bridge. It can be
expressed as,

K;( = K’Q, ref, B /fmrr (3)

K= ot () fo @
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where Fp is the load (Fp; and Fpp) at points Bl or B2 in the
load-displacement curve at bridge failure. f,r depends on the geometry
of the bridge notch, i.e. a/W ratio as well as 1- b/B. A detailed
description of fo is followed in Section 4.1 and also in the Ref. [24].
After crack arrest, the notch can be regarded as a through-thickness
notch with a sharp natural crack. Finally, we calculated the through-
thickness notch fracture toughness Kj. from the through-thickness
notch after crack arrest, and the bridge notch toughness Kj.* from the
bridge failure using equations (1) and (4) as shown in Fig. 4a. K. shows
slightly higher fracture toughness while the scatter is less compared to
Ki.*. The same experiment and analysis were conducted on a different
material system, CrN monolithic coating, of which results are shown in
Fig. 4b. The similar trends can be seen, for example, a higher through-
thickness fracture toughness Kj. from the complete fracture of the
cantilever but with less deviation, compared to the bridge notch fracture
toughness Kj.*.

The mean fracture toughness (K.* and Kj.) for the CrN/AIN multi-
layered hard coating is 2.5 + 0.4 MPa-m'/2 and 2.7 + 0.1 MPa-m'/?,
respectively. For the CrN hard coating, the mean fracture toughness is
2.6 + 0.4 MPa-m'/2 and 2.8 + 0.2 MPa-m'/2, respectively. The smaller
scatters in the through-thickness notch fracture toughness Kj. could
originate from the sharper natural cracks after the bridge failure and
fewer FIB artifacts.

The reason for the shift of the cumulative distribution can generally
be analyzed by plotting the ratios of K;./Kj.*, calculated for both hard
coatings separately (see Fig. 5). Even though the two sample systems
had slightly different cantilever dimensions due to different coating
thicknesses, the cumulative distribution of the ratio between K. and Kj.*
is almost identical. The mean of K;./Kj.* is 1.07 + 0.15 and 1.07 &+ 0.17
for CrN hard coating and CrN/AIN multi-layered hard coatings,
respectively. Consequently, the fracture toughness measured from the
final fracture of the cantilever is 7% higher than that measured from the
bridge failures. The possible reasons are discussed in Section 4.3.

4. Discussion

Matoy and co-workers [8] proposed the bridge notch geometry in
order to form a natural crack in small scale cantilevers, which is less
prone to FIB artifacts. Nevertheless, to the best of our knowledge, the
intended sequence of bridge-failure, crack propagation of a sharp crack
in the bridges, crack arrest, and final fracture of the micro-cantilever has
never been experimentally reported before. In this section, we will first
discuss the prerequisites for crack arrest in micro-cantilevers. Subse-
quently, we will discuss differences between the obtained fracture
toughness at bridge-failure and at final fracture, differences in their
scatter and finally on implications for the small scale testing community.

4.1. How to promote crack arrest?

In bridge notch cantilevers, fracture always initiates at the top inner
corner of the bridge notch [24], where the stress intensity is highest. To
observe subsequent crack arrest, the stress intensity at the bridge top
needs to be larger than the stress intensity in the later formed through-
thickness notch at the same displacement (or load, depending on the
intrinsic behavior of the testing device). Using FEM modeling, Brinck-
mann and co-workers [24] mapped the ratio of the stress intensity of
bridge notches and the one of through-thickness notches (see Fig. 6).
This ratio strongly depends on the bridge notch geometry, i.e. on the a/
W ratio as well as on the relative size of the bridge notch (1-b/B). Stress
intensity ratios larger than 1 would result in crack propagation without
crack arrest because the stress intensity at the through-thickness notch
would already exceed the critical value in the event of the bridge-failure.

On the other hand, when the stress intensity ratio f., (as in Fig. 6) is
smaller than 1, the crack will start from the top side of the bridge
because of higher stress intensity, and arrest near the FIB-notch root. It is
because the stress intensity at the through-thickness notch (after crack



Y. Zhang et al.

—
[y
—

CrN/AIN .

1N b o iy
iy o © o
L]

Cumulative probability [-]
o
¥

Kic"

o
2

=
wn

Kic (MPa:m*/?)

2.0 2.5 3.0 35 4.0

Materials & Design 233 (2023) 112188

b . :
( )_‘1.0 CrN . . -

] A

> A O

= 0.8 A

o) i

E A

E 0'6 A .

Q. A

So4 Ve

5

E A L]

Eo.z A

a X A L]

LK
0.0— . K
1.5 2.0 25 3.0 35 4.0

Kic(MPa:m'/?)
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1-b/B

a/W

Fig. 6. Stress intensity factor in the absence of a bridge (according to the
reference equation (1)) divided by the average stress intensity top half of the
bridge. a/W is the ratio of the reference crack length and the cantilever
thickness. 1-b/B is the representation of the width of two bridges. The white
rectangle with an X indicates the geometry chosen for cantilevers investigated
in this study. Reproduced with permission from Brinckmann et al. [24].

arrest) is smaller than the one at the bridge part, therefore a load in-
crease is required to propagate the crack further. To summarize, bridge
notch geometries in the lower right corner of Fig. 6 promote crack arrest

while geometries in the upper left corner show continuous crack prop-
agation and do not allow for the measurement of B1 and B2. Generally,
to observe crack arrest, an a/W ratio higher than 0.2 is required and
notches with very thin bridges are recommended (see Fig. 6).

The bridge geometry for the presented cantilevers is around a/W =
0.3 and (1-b/B) = 0.07, which is shown by the black cross on the white
rectangle in Fig. 6 resulting fcor of ~0.9. Therefore, crack initiation at
the bridge top and crack arrest after forming a through-thickness notch
is expected and observed. It shall be noted that the sensor noise of less-
sensitive indenter systems might hide the load drops caused by bridge-
failure (points Bl and B2 in Fig. 2b). In our case, the average load
drops at the bridge failure was a few pN.

4.2. Computing multiple values for the fracture toughness based on crack
arrest

There are two important implications of the bridge failure. Firstly, as
previously mentioned, the natural cracks from the bridge failure
significantly reduce scatters in the Kj. improving accuracy of the data.
But also, two additional fracture toughness values can be measured for
each failure of the bridges. As micro mechanical testing is always sub-
jected to an experimental scatter due to its sensitivity to local inhomo-
geneous of the microstructure, a statistical analysis is required.
Therefore, two additional data points from a single experiment can help
to improve the statistics thus the accuracy of the results from micro-
cantilever fracture experiments.

To obtain multiple fracture toughness values from one cantilever, the
position of the crack initiation needs to be correlated to the load at the
onset of crack propagation to compute the correct stress intensity. As
stated above, in bridge notches crack always initiates at the inner top
corner of the bridge notch [24], as also observed in our experiments. The
bridge notch fracture toughness Ki.* can therefore be obtained from
equation (4) using the load Fp; and Fpy. Subsequently, crack arrest after
bridge-failure forms a through-thickness notch (with two natural cracks
at the side and the FIB-milled notch in the center), at which the final
fracture occurs. The through-thickness notch fulfils the geometric re-
quirements assumed in the FEM-based stress intensity calculations from
Matoy et al. [8], and therefore, the through-thickness notch fracture
toughness Kj. can be calculated based on equation (1) and the load at
final fracture, Fc.

4.3. Possible reasons for differences in K. and Kj.*

The collective assessment of Kj. and K * reveals quantitative dif-
ferences in the bridge notch fracture toughness and the through-
thickness notch fracture toughness (see Fig. 5). The toughness ob-
tained at the final fracture is 7% higher than the one obtained from
bridge-failure observed from two different material systems (Fig. 5).
Two main sources for these discrepancies are identified:
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(i) The local stress intensity factor as calculated from FEM models
does not match the real one due to the geometry of the real
sample.

(ii) The material in the thin bridges is altered by the Ga™ ion beam
differently than in the sharp crack being present after crack
arrest.

The FEM-based stress intensity calculations assume a vertical bridge
notch with sharp corners [24]. In contrast, due to the small dimensions
of the bridges which are typically less than 100 nm, a certain edge-
rounding occurs, and FIB taper forms. Both effects would reduce the
stress intensity in the real cantilever with respect to the ideal one
modeled in FEM. Therefore, while the effect of geometric imperfections
of the bridge notch is indisputable, it cannot explain the lower bridge
notch fracture toughness as observed in our experiments (see Fig. 4 and
Fig. 5).

Consequently, we argue that the FIB-damage in the material bridges
is the main reason for the observed discrepancy. At bridge-failure, stress
localizes at the top region of the bridge which is most prone to FIB
milling effects, because the Ga' ion damage is expected to propagate
tens of nanometers into the sample [12]. In contrast, the arrested crack
which gives rise to the final fracture is a naturally formed, sharp-crack
far from the region associated with FIB damages. For most materials,
we assume that FIB damage results in embrittlement, rather than
toughening, which would be in line with our results presented in Fig. 5.

Let us finally note that the crack driving load in a FIB-milled through-
thickness notch (shown in the Fig. 3d in Ref. [24]) is largest in the
sample center, where plane strain conditions are present. In this region,
we expect a FIB-milled notch to have many different FIB artifacts, such
as a finite notch root radius, FIB-induced crystal defects, residual stresses
and et cetera. However, due to the slight advance of our natural crack
(the surface crack is slightly longer than the FIB-milled pre-notch) and
its superior sharpness, we speculate that the final fracture occurs from
the two sharp cracks at the side of the specimen and not in the FIB-
affected center of the notch, then the natural cracks propagate to the
center of the specimen.

4.4. Reasons for the increased scatter of Ki.* compared to Kj.

It is noted that the fracture toughness from bridge-failure shows
substantially more scatter than the one from the newly formed through-
thickness notch (compare the behavior of Kj. and K * in Fig. 4). We
address this increased scatter by imperfections of the top region of the
bridge notch: unavoidable FIB taper angle and corner rounding (see
Section 4.3) result in a non-ideal bridge geometry (see Fig. 2f) that is not
fully reproducible from one experiment to the other. These bridge ge-
ometry deviations are one reason for the increased scatter of the fracture
toughness obtained by bridge-failure.

We believe that another possible reason is the relatively low material
volume subjected to high stress intensities compared to the final
through-thickness notch: while in bridge-failure we essentially see two
points of high stress intensity (at the inner corner of the bridge, see
[24]), the entire through-thickness notch is subjected to high stress in-
tensities with small variations along the notch. Even when the final
cracking initiates from the natural sharp cracks at the side of the spec-
imens only, the volume being subjected to high stress intensities is
substantially larger than in the two hot spots in the case of the bridge
notch. The small area subjected to high stress intensities gives rise to a
large scatter, as well-understood from weakest link statistics in ceramic
materials [25].

4.5. Implications for the FIB-based measurement of micro-cantilever
fracture toughness

The observation of crack arrest after crack initiation at the bridge
notch has at least two implications for the measurement of micro-
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cantilever fracture toughness.

1) The strategy of forming a natural crack based on the bridge notch
geometry, as proposed by Matoy et al. [8], is well-suited to reduce
the effect of FIB-damage. Our results indicate that the toughness in a
naturally formed crack is larger than the one obtained from crack
initiation at the FIB-affected regions. Please note that this argument
will only hold for knock-on damage, for example, the formation of
stacking faults or dislocations [26], typically observed tens of
nanometers from the surface [12], but does not hold for materials
exhibiting extensive Ga' segregation to interfaces. For example,
liquid metal embrittlement by Ga in Al is a fast process and even a
small amount of implanted Ga atoms will segregate at grain
boundaries far from the milled area and will change the mechanical
properties of Al samples [12].

2) To obtain a valid estimation of the fracture toughness by bridge
notch cantilevers, the location of crack initiation needs to be iden-
tified, because the stress intensity at the bridge notch and the
through-thickness notch varies strongly [24]. If bridge-failure (B1
and B2 in Fig. 2) and final fracture (C in Fig. 2) can be observed in situ
and in the load—-displacement curve, the correct geometry factors can
be used with confidence. In all other cases, it remains unclear if the
bridge failed at the maximum load or the sharp crack gave rise to
final failure. Consequently, if the imaging resolution of the in situ
device, the load resolution of the indenter or its stiffness prevents an
identification of the points B1, B2 and C, it is recommended to target
bridge geometries with fo close to but smaller than 1, because the
stress intensities at the bridge and the through-thickness notch after
bridge failure are identical. To directly observe the bridge-failure
and measure the corresponding load at the event, a f., smaller
than 1 is recommended because it allows for the observation of a
natural crack without / with less FIB artifacts.

5. Conclusions

Within this work, the fracture toughness of two different hard
coatings was assessed by designing very thin bridge notches in a micro-
cantilever using an in situ SEM indenter with high stiffness and low
noise. The following conclusions can be drawn:

e The first experimental observation of cracking at the bridge notch
during single cantilever bending tests on multi-layered CrN/AIN
hard coatings and CrN hard coatings is presented.

e The through-thickness notch (after crack arrest) fracture of the
cantilever occurs at a naturally sharp crack and therefore is less
prone to FIB-milling artifacts.

e Up to three fracture toughness values were obtained from a single
experiment: two bridge notch fracture toughness values from the
bridge-failure and one through-thickness notch fracture toughness
from the final cantilever fracture. The toughness values obtained
from bridge-failure are, on average, 7% lower than the ones obtained
from the final fracture of the cantilever, which may be due to the
non-perfect matching of the FEM model and FIB artifacts.

Recommendations for the testing strategy and the cantilever geom-

etry are provided. For a direct observation of bridge failure and the

measurement of the corresponding load, a f,o,r close to but less than 1

is required. This ensures that the maximum load occurs at the final

failure of the through-thickness notch after crack arrest.
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