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ABSTRACT
The effect of columnar grain boundaries (GBs) on the fracture toughness was investigated using
micro-cantilever fracture testing in a hard coating featuring twodistinctmicrostructureswithin a sin-
gle sample: a columnar-grained top and an epitaxial bottom region. Bridge-notch fracture initiated
more readily in the columnar-grained region, indicating reduced toughness. Furthermore, quantita-
tive analysis of the load drops at bridge-failure confirmed a ∼ 30% decrease in fracture toughness
due to GBs: from 4.1 to 3.0 MPa m1/2. These results reveal the detrimental role of GBs in fracture
toughness and highlight the importance of microstructural design for improving the mechanical
performance of hard coatings.
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1. Introduction

Hard coatings have been widely used for various indus-
trial applications including cutting tools, protective lay-
ers for aerospace components, and wear-resistant sur-
faces for mechanical parts [1–3]. These coatings possess
superior hardness, wear resistance, and thermal stabil-
ity, thus effectively protect the metallic substrates and
components [4–6]. However, one of their critical limi-
tation is brittleness, more specifically, their limited frac-
ture toughness. It is widely recognized that microstruc-
tural features such as grain boundaries (GBs) or point
defects and their density can play a detrimental role
in fracture toughness governing crack nucleation and
propagation [7–9]. Typically, hard coatings, composed
of oxides, nitrides, or carbides, are mostly fabricated
using physical vapor deposition (PVD) method, how-
ever, PVD-grown coatings typically exhibit a columnar
grain microstructure characterized by grain sizes below
a few hundred nanometers [10, 11]. This results in a
high density of GBs, which can further degrade fracture
toughness [12–23]. For example, our recent study showed
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that the orientation of columnar grained microstructure
with respect to the loading direction influences the crack
propagation path thus fracture toughness as well [19].

Although GBs are widely recognized as the weak links
in hard coatings and there have been many attempts
to improve their mechanical properties via so-called
GB engineering, the fundamental understanding of their
quantitative impact on fracture toughness remains lim-
ited. Previous studies have explored the influence of GBs
on the fracture toughness of hard coatings by compar-
ing different hard coatings with different microstruc-
tures and GB density [24–26]. For instance, the frac-
ture behavior of α-Al2O3 coatings was investigated
through micro-cantilever bending tests, which reported
slightly enhanced fracture toughness in single crystal
coatings compared to polycrystalline ones [26]. Con-
versely, improvements in mechanical properties through
GB engineering have also been reported in zirconia
coatings [25]; the polycrystalline samples showed better
crack resistance under nanoindentation compared to a
single crystal.
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One of the challenges to quantitatively measure the
effect of GBs on fracture toughness is that various factors,
besides GBs, influence the (apparent) fracture tough-
ness of hard coatings, such as crystallographic texture,
residual stress, off-stoichiometry, and elemental segrega-
tion. These intrinsic properties are strongly affected by
the deposition process, where even small variations in
the deposition parameters can significantly change the
properties of the coatings [27, 28]. Consequently, synthe-
sizing model systems that differ only in their content of
columnar GBs while maintaining identical chemical and
defect structures is extremely challenging, which has hin-
dered quantitative insights into their effect on fracture
toughness.

To address this gap, we conducted in situ scanning
electron microscope (SEM) micro-cantilever fracture
testing on CrN/AlN hard coatings. Two key approaches
were used to investigate the influence of GBs on the
fracture toughness of these nitride hard coatings. Firstly,
a unique microstructure was introduced to the coat-
ing by controlling misfit strain: an epitaxial and sin-
gle crystal in the bottom of the coating and the top
part with a columnar-grained microstructure. Secondly,
instead of a conventional through-thickness notch, a
bridge notch with a thin side ligament was introduced
to prepare micro-cantilevers. This approach minimizes
FIB-induced artifacts and allows fracture toughness to be
measured from small volumes, specifically from differ-
ent regions of the coating with distinct microstructures.
By combining these two approaches, we were success-
fully able to isolate the contribution of GBs to the fracture
toughness from several other factors which could alter
fracture toughness, and ultimately quantify the influence
of the columnar GBs on the fracture toughness.

2. Materials andmethods

CrN/AlN multilayered coatings, consisting of alternat-
ing layers of nominally 4 nm CrN and 2 nm of AlN,
were deposited on MgO (100) and Si (100) substrates,
respectively (detailed deposition processes can be found
in our previous study [29]). Prior to deposition, the
substrates were ultrasonically cleaned in acetone and
ethanol, respectively. They were then mounted in an AJA
ATC-1800 ultra-high vacuum deposition system, where
they underwent thermal cleaning at 550°C for 30 min-
utes in a vacuum, followed by 5–10 minutes of Ar ion
etching at 500°C. The Cr (diameter three-inch, purity
99.95%) and Al (diameter three-inch, purity 99.99%) tar-
gets were sputter-cleaned behind closed shutters for 5
minutes before film growth. The coatings were subse-
quently grown in pulsed DC mode (100 kHz pulse fre-
quency, 1 µs pause). To ensure a dense morphology, 300

W was applied to the Cr target and 500 W to the Al tar-
get in a mixed N2/Ar gas atmosphere (12 sccm/8 sccm
flow rate ratio) at a total pressure of 0.2 Pa, combined
with a −70 V DC bias applied to the substrates. The sub-
strates were continuously rotated at approximately 0.5
Hz during deposition. The multilayered structure was
achieved through computer-controlled opening and clos-
ing of mechanical shutters at specific intervals. The total
thickness of the CrN/AlN multilayered coatings was 1.9
μm.

The microstructure of the coating was characterized
firstly using SEM (Merlin Gemini II, Zeiss), focused ion
beam (FIB, Crossbeam 550L, Zeiss) and transmission
electron microscopy (TEM, Titan Themis 300, Thermo
Fisher Scientific) to study their grain structure, ori-
entation relationship and chemical distribution. Sub-
sequently, micro-cantilevers with square cross-sections
were fabricated using FIB milling with 30 kV Ga+ ions
and ion currents of 15 nA, 3 nA, 700 pA, and 50
pA for stepwise milling. The dimensions of the micro-
cantilevers were kept consistent with an L:W:B ratio of
5:1:1, where L is the distance to the loading point from a
notch,W is the thickness, andB is the width of themicro-
cantilever as shown in Figure 1. As the coating thickness,
W, is pre-determined to 1.9 μm by the coating synthesis,
their width was adjusted to have a square cross-section.

A bridge notch rather than a through-thickness notch
was employed. As demonstrated in our previous studies
[29, 30], with a bridge-notch, fracture typically initiates
from the bridge failure, where an atomically sharp crack
is generated via crack arrest, thereby reducing the scatter
in the measured fracture toughness values. In the present
work, the bridge notch geometry was specifically utilized
to enable the determination of apparent fracture tough-
ness in local regions of the coatings. For this purpose, a
notch with a depth, a, ranging from 20–30% of the thick-
ness W was introduced using a 20 pA and 30 kV ion
beam. The width of the notch, b, was chosen to yield a
b/B ratio of 0.92 to maximize stress localization and pro-
mote bridge-failure with subsequent crack arrest. Finally,
each of the ligaments (or bridge) was a width of less than
100 nm.

The cantilevers were prepared in two geometries
with different orientations relative to the coating growth
direction, as shown in Figure 1. In one case, the
loading direction was parallel to the growth direction
(Figure 1(a,c)), whereas in the other case it was perpen-
dicular (Figure 1(b,d)).

Micro-fracture experiments were performed in situ
using a nanoindenter (Hysitron PI-89, Bruker) equipped
with a 10 μm diamond wedge tip (Synton-MDP AG) in
an SEM (Merlin Gemini II, Zeiss). All tests were con-
ducted in a displacement-controlled mode at 5 nm/s
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Figure 1. (a, b) Schematics of the cantilever geometries and their orientation relative to the loading direction. (c, d) Representative
SEM images of each geometry. In (c), the loading direction is parallel to the coating growth direction (i.e. along the columnar grain
microstructure), whereas in (d) it is perpendicular to the growth direction.

using a transducer with a maximum load of 10 mN and
a noise floor of 0.4 μN. The fracture toughness, KIC, is
evaluated at the point of final failure of the specimens.
At this point, the two bridges had already failed, and
the final fracture occurred at the arrested natural crack
[29, 30]. This protocol follows Matoy’s pioneering work,
introduced in [31],

KIC = FCL

BW
3
2
fMatoy

( a
W

)
(1)

where, FC is the load at final fracture, and fMatoy
( a
W

)
is a

geometry shape factor defined by:

fMatoy

( a
W

)
= 1.46 + 24.36(a/W)

− 47.21(a/W)2 + 75.18(a/W)3 (2)

The fracture toughness KIc
∗represents the fracture

toughness at bridge-failure. It can be calculated using the

geometry correction factor fcorr [29, 31, 32]:

KIC
∗ = FBL

BW
3
2
fMatoy

( a
W

)
/fcorr (3)

where, FB represents the load at bridge-failure. Note that
two additional fracture toughness values can be obtained
per micro-cantilever from each bridge failure, for those
cases where a clear load drop, bridge failure and crack
arrest are observed in situ.

3. Results and interpretation

A CrN/AlN multilayer coating with individual layer
thicknesses of 4 nm (CrN) and 2 nm (AlN) was
deposited on both MgO and Si substrates under the
same conditions. Despite the identical deposition pro-
cess, the coatings exhibited distinct microstructures.
Firstly, the coating on a MgO (100) substrate had two
distinct microstructures within the film, as schematically
depicted in Figure 2(a): a roughly 500 nm-thick epitax-
ial structure is formed at the bottom (see Figure 2(b)
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Figure 2. Microstructure investigation of cg/epi-coating. (a) Schematic drawing of the cg/epi-coating with an epitaxial layer between
the columnar-grained microstructure and the MgO (100) substrate. (b) TEM image of the cross-section of the cg/epi-coating. Selected
area diffraction patterns from (c) the columnar-grained microstructure, (d) the epitaxial structure, (e) and the MgO (100) substrate. (f )
HAADF-STEM image of the epitaxial part and the interface with MgO substrate. (g) HAADF-STEM image at higher magnification on the
epitaxial part showingCrN andAlNmulti-layered structure and (h) its corresponding EDSmaps. The target thickness of CrN andAlN layers
were 4 and 2 nm, respectively.

and (d)), which is followed by a columnar-grained
microstructure (compare Figure 2(c) and (d)). The col-
umn diameter in the upper part of this coating is about 70
nm. In contrast, the coating deposited on a Si (100) sub-
strate exhibited only a columnar-grained structure with
comparable columnar diameter (approximately 100 nm)
of the one on a MgO substrate. Hereafter, the coating
on MgO will be referred to as columnar grain/epitaxial
(cg/epi) coating, while the one on Si will be referred as
columnar grain (cg) coating.

TEM selected area electron diffraction patterns from
each part of the cg/epi-coating (Figure 2(c)–(e)) showed
the (100) cube-on-cube orientation relationship between
the MgO substrate and the epitaxial part in Figure 2(d),
which is largely maintained in the upper part as well.
Scanning TEM (STEM) high-angle annular dark-field
(HAADF) imaging and energy dispersive spectroscopy
(EDS) mapping reveal the layered microstructure of the
coating (Figure 2(f)–(h)). Faulted layers as indicated by
an arrow in Figure 2(f), show darker contrast compared
to other layers suggesting lower atomic density. Since it
is located near the point where the transition from the
epitaxial to columnarmicrostructure occurred, it is spec-
ulated that due to the accumulated strain energy from the
epitaxial growth, the faulted layer was formed and altered
the microstructure of the layers deposited afterwards.
Further comparisons of the columnar grain structures
in the cg- and cg/epi-coatings, including HAADF-STEM
imaging, electron diffraction, and STEM-EDS composi-
tion analysis, are provided in Figure S2 of the Supplemen-
tary materials.

The influence of the epitaxial structure on the fracture
toughness of the coating was investigated firstly by com-
paring the fracture toughness of cg/epi and cg-coating.
A representative SEM image of the experimental setup,
a cantilever and a wedge tip, is shown in Figure 3(a).

In both samples, the load-displacement curves, 8 curves
from cg/epi-coatings (Figure 3(b)) and 11 curves from
cg-coatings [29], exhibited linear elastic behavior until
bridge failure (points B1 and B2) with subsequent crack
arrest. From each of the three load drops (B1, B2, and
C), fracture toughness values can be determined. For the
first two drops corresponding to bridge failure, the appar-
ent fracture toughnessKIC

∗ was obtained using Equation
3, while for the final fracture event (C), KIC was calcu-
lated using Equation 1. Representative load-displacement
curves are shown in Supplementary Figure S3.

Cumulative probability distribution of the fracture
toughness, KIC calculated using the final failure (FC),
in Figure 3(c), clearly demonstrates that KIC of cg/epi-
coating is higher than that of cg-coating. The mean KIC
value is 3.1± 0.1 MPa m1/2 for cg/epi-coating while
2.7± 0.1 MPa m1/2 [29] for cg-coating with the stan-
dard deviation representing the scatter band. The shaded
region in Figure 3(c) represents the normal distribu-
tion fit with its 95% confidence band, and the detailed
data used for the calculation are provided in Supplemen-
tary Table S1. Although the epitaxial part was located at
the bottom of the coating and comprised only a quarter
of the total thickness, it notably enhanced the fracture
toughness by nearly 15%.

A comparison of the fracture surfaces reveals a flat
morphology in the epitaxial region adjacent to the MgO
substrate (Figure 3(d,e)), whereas the cg region and the
upper part of the cg/epi-coating show rough surfaces,
suggesting predominantly intergranular fracture. This
reduction in roughness in the epitaxial region indicates
a change in crack path once the crack enters the bottom
layer. Consequently, even though the notch was posi-
tioned in the cg region, the underlying epitaxial layer
contributes to the overall fracture resistance of the cg/epi-
coating, leading to the slightly higher measured KIC in
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Figure 3. (a) Free-standing micro-cantilever of the cg/epi-coating. (b) Load-displacement curves from 8micro-cantilever bending tests
of the cg/epi-coating. The failure of thematerial bridges, B1 and B2, and the final fracture, C, are indicated on one representative curve. (c)
Cumulative distribution of the fracture toughness, KIC , for the cg/epi-coating and cg-coatings at point C. The cg/epi-coatingwith epitaxial
structures exhibited higher fracture toughness. The shaded band indicates 95% confidence intervals of the normal distribution fitting.
(d) SEM image of the fracture surface of the cg-coating and (e) the cg/epi-coating. Intergranular fracture is visible in the cg-coating and
the top part of the cg/epi-coating.

Figure 3. To further quantify the contributions of the
columnar and epitaxial regions, we performed dedicated
bridge-notch experiments, as described in the following
section.

To determine the apparent fracture toughness of
the columnar-grained and the epitaxial microstruc-
ture, we employed bridge notches in 90-degree rotated
micro-cantilevers (compare the growth directions in
Figure 4(a)). This approach allows for positioning each
material bridge in either of the two microstructures in
epi/cg-coating, andmeasure the apparent fracture tough-
ness from the local region of the coating.

We first analyzed the bridge-failure sequence, i.e. the
temporal occurrence of failure of each bridge. By cor-
relating the in situ SEM video with the load drops
in the load–displacement curves, we could determine
which bridge (left or right) fractured first. For exam-
ple, Figure 4(b,c) shows the failure of the left bridge
while the other still remained intact. The statistics of
the failure sequence (Figure 4(d)) provide a clear indica-
tion of the weaker bridge: in the case of cg/epi-coatings,
the columnar-grained microstructure (left bridge) failed

first, whereas a uniform distribution was found for the
cg-coating. Additional in situ SEM snapshots showing
the failure sequences of both coatings can be found
in Supplementary Figure S4. The differences in fail-
ure sequence in the cg/epi sample clearly demonstrate
the contrasting fracture behavior of the epitaxial and
columnar microstructures, and qualitatively indicates
that the columnar grain boundaries are indeed the weak-
est link in hard coatings, exhibiting lower fracture tough-
ness compared to the epitaxial microstructure.

Besides the failure sequence, we also used the load
drops (B1 and B2 in Figure 3(b)) caused by bridge-failure
to calculate the local apparent fracture toughness KIC∗
from bridge-failure using Equation (3). In brittle ceram-
ics, extrinsic toughening is often considered the primary
mechanism for enhancing toughness, as discussed by
Lawn [33]. For example, the fracture toughness of tra-
ditional polycrystalline SiC is typically 2.5–4 MPa m1/2

[34], but can increase to ∼9.1 MPa m1/2 when inter-
granular fracture dominates [35, 36]. One might expect
significantly higher fracture toughness in the columnar
microstructure than in the epitaxial layer. However, the
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Figure 4. (a) The schematics showing cross-sections of micro-cantilevers with bridge notches. Material bridges were positioned within
each microstructure, i.e. the columnar grain and epitaxial microstructure, by rotating the coating 90 degrees. (b) Screen shot from test
video, and (c) its enlarged view, where the bridge on the observed tip side is defined as the left bridge (BL) and the opposite as the
right bridge (BR) (d) Statistics of bridge-failure sequence. The orange bars represent 36 micro-cantilevers only with cg-bridges, and
the green bar shows 7 micro-cantilevers from the cg/epi-coating with a cg-bridge on the left and an epi-bridge on the right side. The
failure sequence is random when the microstructure of both bridges is similar, while in the cg/epi-coating, the bridge with epitaxial
microstructure was always broken after the columnar one.

epitaxial bridge showed a fracture toughness (denoted
KIC∗-BR) of 4.1± 0.4 MPa m1/2, which is higher com-
pared to that of the columnar-grained bridge (KIC∗-BL),
which is 3.0± 0.3 MPa m1/2 (see Figure 5(a)). The criti-
cal loads and sample dimensions for the determination
of KIC∗ are provided in the Supplementary Table S2.
Although the two samples were deposited on different
substrates, the latter value is similar to experiments on
a cg-coating in similar geometry i.e. with crack prop-
agation perpendicular to the growth direction (see the
orange markers in Figure 5(a), 3.0± 0.2 MPam1/2). This
is another indication that the fracture toughness of such
brittle hard coatings is dominated by microstructure,
more specifically, GB structure, as the microstructure
in the left bridge (BL) is comparable to the one in the
cg-coating.

In addition to these quantitative measurements, the
fracture surfaces also revealed clear differences between
the epitaxial and the columnar microstructures. While
the fracture surface is rough across the cross-section
in the case of cg-coating (Figure 5(b)), indicating

intergranular fracture, the right side of the fracture sur-
face of the cg/epi-coating was smooth, characteristic
of intragranular fracture in the epitaxial microstructure
(Figure 5(c)). Further images of the fracture surfaces are
shown in Figure S5 in the Supplementary materials.

4. Discussion

In the first dataset, where the crack propagates along
the growth direction (Figure 3), the FIB notches of
both samples were located within the columnar-grain
region, regardless of their overall microstructure. The
results show a higher overall fracture toughness for the
cg/epi-coating, suggesting that epitaxial growth enhances
toughness. However, the contribution of the epitax-
ial region cannot be quantitatively separated from this
dataset.

In contrast, for samples rotated by 90°, such a separa-
tion becomes possible due to the thin material bridges.
The right bridge (BR) of the cg/epi-coating is epi-
taxial and free of columnar GBs, thus the obtained
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Figure 5. Comparison of the apparent fracture toughness from
bridge-failures of two microstructures, and their fracture sur-
face. (a) The cumulative distribution functions of the fracture
toughness KIC∗ derived from bridge-failure of the cg-coating, and
the cg/epi-coating with crack growth perpendicular to the film
growth direction. The bands represent 95% confidence intervals.
(b) SEM images of the fracture surface of the cg-coating and (c)
the cg/epi coatings.

toughness values represent the fracture toughness of the
epitaxial-GB free coating (Figure 5). The left bridge (BL),
however, exhibits columnar grain boundaries similar to
those in cg-coating. Consequently, the fracture tough-
ness values of the left bridge for both samples are in
same range because of the similar microstructure. This
configuration enables a direct separation and quantita-
tive assessment of the detrimental role of columnar grain
boundaries in reducing the fracture toughness of hard
coatings.

The role of grain boundaries in fracture toughness
has long been debated in the community. While some
studies suggest that grain boundaries are detrimental,
others report that they can enhance toughness by acti-
vating toughening mechanisms such as crack deflec-
tion or branching. Our results show that in the case of
catastrophic failure of a brittle material, grain bound-
aries act as weak links compared to epitaxial regions
or single-crystal-like grain interiors, where the higher
atomic density requires greater energy for crack propa-
gation. In particular, random high-angle grain bound-
aries, which are the most common type in engineering
materials, represent less densely packed structures and

therefore provide preferential crack paths that reduce
toughness.

In polycrystallinematerialswith relatively large grains,
however, grain boundaries may contribute to toughening
through the aforementionedmechanisms if their orienta-
tion impedes straight crack propagation. R. Daniel et al.
[18], for example, demonstrated crack deflection at grain-
boundary junctions as a toughening mechanism. Simi-
larly, our recent work on CrN and AlN coatings showed
improved fracture toughness when multiple crack kink-
ingwas activated [19]. In that case, the fracture toughness
increased from 2.7± 0.1MPam1/2 when the crack prop-
agated parallel to the columnar texture to 3.0± 0.2 MPa
m1/2 in the perpendicular orientation. In summary, indi-
vidual grain boundaries are weaker than single-crystal
regions under crack propagation, but their collective dis-
tribution may either decrease or enhance fracture tough-
ness depending on geometry. In typical PVD-grown hard
coatings, where columnar grain boundaries dominate,
they act predominantly as easy crack paths, which lim-
its fracture toughness and highlights the potential of
grain-boundary engineering.

Beyond the structural role of grain boundaries, chem-
ical segregation could also influence the mechanical
response. Since no post-deposition heat treatment was
applied in our experiment, significant segregation is not
expected. Nevertheless, to exclude this possibility, we
have performed STEM-EDS, which didn’t show notice-
able GB segregation (e.g. from Ga). Therefore, the sig-
nificantly higher fracture toughness in the epitaxial part
compared to the columnar grain part is expected to orig-
inate from its inherent properties of the single crystal
and generally weak GBs at the columnar grain struc-
ture, but not from grain boundary weakening caused by
segregation.

A noteworthy aspect is the role of residual stress.
Residual stress is inevitably introduced during deposition
and may differ between the cg- and cg/epi-coatings due
to the different substrates. However, in the presentmicro-
cantilever geometry (single beam, ∼2 μm thick), most
of the residual stress was released during fabrication.
This was confirmed by the observation that cg-coatings
remained nearly straight after being cut from the sub-
strate, while cg/epi-coatings showed a slight downward
bending, indicating elastic relaxation of residual stress
(Supplementary Figure S6). Therefore, in the present
study, the influence of residual stress on the measured
fracture toughness is considered negligible compared to
the effect of microstructure.

Finally, other crystal defects inside a grain, for exam-
ple, point defects or voids, could also influence the
fracture toughness. Since the coating was deposited in
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a single deposition process and no additional heat treat-
ment was conducted, we don’t expect substantial fluctua-
tion in the defect density within different positions of the
coating.

5. Conclusion

In conclusion, columnar grain boundaries clearly act as
the weakest link in the fracture of hard coatings. This
study provides a quantitative assessment of the decrease
in their resistance to crack growth with bridge notch
micro-cantilevers. The low grain boundary toughness
was demonstrated both qualitatively through the fail-
ure sequence of the sample bridges, and quantitatively
through fracture toughness measurements at bridge-
failure, using samples with two distinct microstructures
in one coating: columnar grains and an epitaxial seed
layer. The apparent fracture toughness measured from
the bridges composed solely of the epitaxial microstruc-
ture was found to be around 30%higher compared to that
of the columnar grains (compare 4.1± 0.4MPam1/2 and
3.0± 0.3 MPa m1/2).
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