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A B S T R A C T

Grain boundaries (GBs) in hard coatings are often considered as the weakest link, acting as preferred pathways 
for crack propagation and thereby limiting the coating’s fracture toughness. In this study, we investigate whether 
continuous crack deflection along GBs can mitigate this limitation and enhance the fracture resistance of hard 
coatings. Three model systems were examined: CrN, AlN and their multilayered structure coatings, all charac
terized by columnar GB structures. Fracture toughness was quantitatively assessed using an in situ SEM micro- 
cantilever fracture testing. The key approach of this study is the use of two different loading geometries, with 
notches aligned either parallel or perpendicular to the coating’s growth direction, allowing us to compare the 
influence of the crack propagation direction and deflection. Across all three systems, the perpendicular notch 
configuration—aligned across the columnar microstructure—resulted in approximately 8 % higher fracture 
toughness. This enhancement is attributed to continuous crack deflection along GBs during deformation. 
Additionally, the extent of crack deflection was found to depend on the local GB arrangement, with transgranular 
fracture observed when no well-aligned GBs were present along the crack path. These findings provide quan
titative insights into the toughening mechanisms enabled by GB-mediated crack deflection and offer design 
strategies for mechanically robust hard coatings.

1. Introduction

Hard coatings, composed mainly of metal carbides or nitrides, are 
widely used in aerospace [1], automotive engineering [2], and cutting 
tools for manufacturing [3] due to their ability to extend component 
service life by providing protection against harsh environments [4–7]. A 
critical property of these coatings is their toughness, fundamentally 
represented by the fracture toughness, KIC [8–12]. During fab
rication—particularly in coatings synthesized using physical vapor 
deposition (PVD)—a columnar grain microstructure with elongated 
grains aligned parallel to the growth direction often forms [13–16]. 
Grain boundaries (GBs) have been reported to act as preferential path
ways for crack propagation, thereby reducing fracture toughness. 
Consequently, due to their anisotropic microstructure with elongated 
columnar grains, PVD-grown hard coatings are expected to exhibit 
orientation-dependent fracture toughness, which varies with the crack 

propagation direction relative to the columnar microstructure’s orien
tation, hereafter referred to as the GBs orientation.

However, quantifying the anisotropic fracture behavior poses sig
nificant challenges due to their micrometer-scale thickness and limited 
volume, requiring the use of fracture testing at the microscale [17–19]. 
Several studies have reported the effect of crack propagation direction 
on the fracture toughness of hard coatings using micromechanics 
[20–25], as well as the anisotropic nature of fracture toughness [24–27]. 
For instance, a nanostructured NbMoTaW high-entropy alloy thin film 
exhibited lower fracture toughness when tested perpendicular to the 
film growth direction compared to tests performed parallel to the 
growth direction [27]. In contrast, a recent study by Schoof et al. on 
vanadium-aluminum (oxy)nitride coatings revealed higher KIC when 
tested perpendicular to the growth direction in coatings with a columnar 
grain structure [24]. These contrasting observations underscore the in
consistencies in the role of GB orientation in hard coatings which may 
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depend on the material and even specific GB properties. Moreover, while 
nitride coatings have been extensively studied, a quantitative analysis 
addressing the influence of GB orientation still remains lacking for CrN 
and AlN.

This study aims to explore the anisotropy in fracture toughness and 
crack propagation behavior of three nitride hard coatings—CrN, AlN, 
and their laminated structure—by focusing on the role of columnar 
microstructure and GBs. To this end, in situ scanning electron micro
scope (SEM) micro-cantilever bending tests were performed under two 
distinct loading directions: one promoting crack propagation parallel to 
the coating growth direction, and the other perpendicular to it, thereby 
altering the orientation of the crack path relative to the columnar grain 
structure. By employing the same coating system under two distinct 
loading directions, we were able to isolate and quantify the effect of GB 
orientation on fracture toughness, independent of other microstructural 
variations that may arise during synthesis. This approach eliminates 
confounding variables associated with comparing different coatings, 
enabling a direct assessment of how GB alignment and crack propaga
tion direction influence fracture toughness.

Our results reveal that in all three coatings, cracks propagating 
perpendicular to the growth direction underwent continuous crack 
deflection along GBs due to smaller effective grain size encountered 
along their path, resulting approximately 8 % increase in fracture 
toughness. In contrast, when the crack propagated parallel to the 
columnar structure, the GBs were aligned with the crack path, allowing 
relatively smooth propagation and thus lower toughness. To the best of 
our knowledge, this is the first quantitative assessment of fracture 
toughness anisotropy in CrN and AlN coatings using micro-fracture 
testing. These findings not only demonstrate the critical role of GB 
orientation and crack deflection in enhancing fracture toughness, but 
also provide a valuable framework for microstructure-guided design of 
mechanically robust hard coatings.

2. Experimental procedures

Three different coatings were prepared using unbalanced reactive 
magnetron sputtering: (1) a monolithic CrN coating with a thickness of 
1.5 μm on Si (100) substrates, (2) a 4.0 μm thick monolithic AlN coating 
on MgO (100) substrates, and (3) a CrN/AlN multilayer coating with a 
thickness of 1.9 μm on Si (100) substrates. The CrN/AlN multilayer 
coating consists of alternating layers of approximately 4 nm of CrN and 
2 nm of AlN [28]. The phase of the films was analyzed using X-ray 
diffraction [29]. SEM (Merlin Gemini II, Zeiss) and focused ion beam 
(FIB) (Crossbeam 550L, Zeiss) were used to characterize the surface and 
cross-sectional microstructure of the samples. A list of abbreviations 
used for sample structures and testing methods is provided in Table 1.

CrN and AlN coatings were deposited on different substrates—Si and 
MgO, respectively—to introduce variations in substrate type, crystal 
structure (cubic for CrN vs. hexagonal for AlN), grain size, and residual 
stress. This allowed us to evaluate how these factors affect crack prop
agation along grain boundaries and overall fracture toughness. The CrN/ 
AlN multilayer, deposited on the same substrate as CrN, shares the cubic 
structure but incorporates a nanoscale layered architecture, enabling the 
influence of multilayering and associated residual stress to be assessed.

The depositions were carried out in an AJA ATC-1800 ultra-high 
vacuum deposition system, equipped with Cr and Al targets, each with a 
three-inch diameter and 99.99 % purity. The targets were powered in 
pulsed DC mode at 100 kHz with a 1 μs pause. The Cr and Al targets were 
subjected to time-averaged powers of 300 W and 500 W, respectively. 
The coatings were grown in a gas mixture of N2 at a flow rate of 12 sccm 
and Ar at a flow rate of 8 sccm, with a total gas pressure of 0.2 Pa. To 
obtain a dense coating morphology, a DC bias voltage of − 70 V was 
applied to the substrates during coating growth. Throughout the depo
sition process, the deposition parameters were kept constant while 
computer-controlled mechanical shutters periodically opened and 
closed to create the multilayer structure of the CrN/AlN multilayer 
coating. During deposition, the substrates were constantly rotated with a 
frequency of about 0.5 Hz. More detailed information of the deposition 
processes can be found in Ref. [30].

Before fabricating micro-cantilevers, the Si substrates of CrN/AlN 
multilayer and CrN coatings were etched using a 30 wt% potassium 
hydroxide solution at 60 ◦C for 30 min to obtain 20 μm-long free- 
standing film segments. Cantilevers were then fabricated by using FIB 
milling with Ga ions at an acceleration voltage of 30 kV (Crossbeam 
550L, Zeiss). The ion beam current was varied as follows: 15 nA for 
coarse milling, 3 nA, 700 pA, 300 pA for intermediate steps, and 50 pA 
for final milling. The cantilevers of the AlN coating on MgO—which 
cannot be similarly etched as Si—required removal of the substrate by 
Ga ion milling with the same series of milling currents as mentioned 

Table 1 
Nomenclature and abbreviations used in the manuscript.

Abbreviation Definition

CrN Chromium nitride
AlN Aluminum nitride
CrN/AlN 

multilayer
Multilayer structure composed of alternating CrN and AlN 
layers

PVD Physical vapor deposition
GB Grain boundary
SEM Scanning electron microscope
FIB Focused ion beam
‖-notch A notch parallel to the coating growth direction
⊥-notch A notch perpendicular to the coating growth direction

Fig. 1. Schematic illustration of two micro-cantilever geometries with different loading directions: (a) loading parallel to the coating growth direction (‖-notch), and 
(b) loading perpendicular to the growth direction (⊥-notch). The insets illustrate the cross-sectional view of the bridge notches.
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above. Notches were milled using a 20 pA current with a 1.0 μs dwell 
time. A bridge notch design retaining two ligaments on either side was 
employed instead of a straight through-thickness notch. The purpose of 
this design is to initiate a crack from the FIB-milled notch at the material 
bridge, and then arrest its propagation to form a naturally sharp crack, 
which triggers the final fracture of the cantilever [18,28]. The di
mensions of the bridge notch cantilevers were prepared according to the 
schematic in Fig. 1, with L being the distance between the loading po
sition and the notch, W is the thickness of the cantilever, B is the width of 
the cantilever, b is the width of the notch, and a is the depth of the notch. 
The thickness W varied from 1.5 μm to 2.5 μm, depending on the coating 
thickness (1.5 μm for the CrN coating, 1.9 μm for the CrN/AlN 

multilayer coating, and 2.5 μm for the AlN coating). To minimize 
geometry-related influences on the fracture response across samples 
with varying coating thicknesses, the L:W:B ratio was kept constant at 
5:1:1 for all cantilevers by adjusting the width B accordingly. The notch 
depth, a, was set to 20–30 % of the cantilever thickness, and the bridge 
width was minimized to below 100 nm to enhance the stress concen
tration at the bridge, thereby promoting bridge failure and subsequent 
crack arrest [28].

Micromechanical fracture tests of the FIB-prepared cantilevers were 
conducted in an SEM with an in situ nanoindenter (Hysitron PI-89, 
Bruker) equipped with a 10 μm wide diamond wedge tip (Synton-MDP 
AG). All in situ SEM deformations were performed in a displacement- 

Fig. 2. Flowchart of the experimental design. Three coatings were tested under two loading directions (‖ and ⊥ to grain growth) to compare crack propagation 
behavior and KIC values.

Fig. 3. The first column displays a schematic drawing of the microstructure, the second and the third columns are FIB channeling contrast images, showing the cross- 
section and the top view of each coating, (a) AlN on MgO, (b) CrN on Si, and (c) CrN/AlN on Si.
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controlled mode with a displacement rate of 5 nm/s. The maximum load 
of the transducer was 10 mN, and an intrinsic noise floor was 0.4 μN.

Indentation hardness was measured using a UMIS nanoindenter from 
Fischer-Cripps Laboratories. A diamond Berkovich tip was used, and the 
nanohardness and indentation modulus were calculated using the Oliver 
and Pharr method [31].

A schematic overview of the experimental procedure and compara
tive framework is provided in Fig. 2, illustrating the three different 
coating systems, the two loading directions, and the overall analysis 
logic.

3. Results and discussion

The microstructures of the three hard coatings investigated in this 
study are presented in Fig. 3. FIB channeling contrast imaging was 
performed on both the FIB cross-section and the top surface to analyze 
microstructure and grain size. The columnar grain structure, which is 
elongated along the film growth direction, is clearly revealed in all 
coatings. The columnar grains exhibit a grain size ranging from 
approximately 70 to 100 nm measured at the top surface.

Micro-cantilevers were fabricated using FIB to have two different 
crack propagation—and consequently load application—directions. In 
the first geometry, the crack propagation from the FIB-milled notch was 

parallel to the coating’s growth direction, hereafter referred to as 
‖-notch. In the second geometry, the crack propagation was perpen
dicular to the growth direction, and therefore perpendicular to the 
columnar grain direction, referred to as ⊥-notch. Please note that the 
global crack plane of both, the ‖- and the ⊥-notch, are identical, but only 
the crack propagation direction differ as the tests were performed on the 
same samples with different loading orientations. Therefore, crystallo
graphic texture which typically is present in hard coatings does not 
cause the differences in the measured fracture toughness of samples with 
‖- and the ⊥-notches.

Representative load–displacement curves from ‖-notched cantilevers 
are shown in Fig. 4(a), displaying the typical linear-elastic fracture of 
micro-cantilevers: a linear load increase up to a critical point, followed 
by sudden fracture [32,33]. Variations in the slopes of these curves, 
reflecting differences in sample stiffness, are primarily attributed to 
differences in sample geometry, such as film thickness. Load drops at the 
point of bridge failure, marked by black arrows and provided in a 
magnified view inside insets, indicate crack arrest similar to our previ
ous report in Ref. [28]. These load drops occur because the thin material 
bridges on the cantilever body fail first due to localized stress concen
tration. This stress focusing at the bridge effectively arrests the crack 
temporarily and promotes fracture initiation from a naturally sharp 
crack tip formed during bridge failure [28]. A total of 8, 11, and 7 
cantilevers with a ‖-notch were tested for AlN, CrN/AlN, and CrN 
coatings, respectively. All load-displacement curves for CrN/AlN coat
ings with ‖-notch are shown in Fig. 4(b) as examples. For comparison, 
the corresponding load-displacement curves for cantilevers with a 
⊥-notch are provided in Fig. A.2 in the Supplementary Information. In 
all cases, the cantilevers failed in a brittle, linear-elastic fracture 
manner, exhibiting highly consistent load-displacement behavior across 
multiple specimens. Notably, in most cases, two distinct load drops were 
observed, indicating crack arrest due to bridge failure. This suggests that 
fracture initiated from a naturally sharp crack before final failure 
occurred [28].

The fracture toughness and failure characteristics of AlN, CrN/AlN, 
and CrN coatings were evaluated from the resulting load-displacement 
curves and the cantilever geometry. As shown in Fig. 4, all samples 
exhibited linear-elastic fracture with bridge failures, followed by final 
fracture at the arrested crack. Therefore, the fracture toughness, KIC, 
calculated assuming a through-thickness notch geometry after crack 
arrest using the following equation [18]: 

Fig. 4. (a) Load-displacement curves from a single test on AlN, CrN/AlN and 
CrN coatings with a ‖-notch. Arrows indicate the load drops caused by bridge 
failure and subsequent crack arrest. (b) All curves of 11 micro-cantilever frac
ture tests on CrN/AlN coating with a ‖-notch.

Fig. 5. Cumulative distribution of fracture toughness of AlN (red curves), CrN/ 
AlN (purple curves), and CrN (blue curves) coatings. Data from ‖-notch canti
levers are represented by solid markers, while results from ⊥-notch cantilevers 
are indicated by open markers. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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(
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)
is a geometry shape 

factor, and L, B, W, and a are the parameters from the geometry of the 
cantilever.

The calculated fracture toughness, KIC, of all cantilevers including 
those with ‖-notch or ⊥-notch, is plotted as a cumulative probability 
distribution for statistical analysis (Fig. 5). The data were fitted with a 
normal cumulative distribution function (CDF) where the 95 % confi
dence intervals are highlighted by shading. Firstly, we found that the 
AlN hard coating has a lower fracture toughness than the CrN hard 
coatings in both ⊥-notch and ‖-notch. The KIC of the CrN/AlN multilayer 
coatings with a material volume ratio of 2 is in between the CrN and AlN 
coatings. The expected toughening effect from the nanoscale interfaces 
in the CrN/AlN multilayer was less pronounced, indicating that the 
interface density in the current design may not be sufficient to signifi
cantly enhance fracture resistance through crack deflection or energy 
dissipation mechanisms.

Additionally, in all three coatings, the cantilevers with ⊥-notch 
exhibited higher fracture toughness compared to those with ‖-notch 
(Fig. 5 and Table 2). An increase in fracture toughness of 8.4 %, 8.0 %, 
and 8.0 % was measured for AlN, CrN/AlN, and CrN micro-cantilevers, 
respectively, when ⊥-notch cantilevers were compared with ‖-notch 
cantilevers. These quantitative measurements highlight the critical role 

of GB orientation relative to the crack propagation direction in deter
mining the fracture toughness of hard coatings, regardless of their 
chemical composition, or their substrate and resulting microstructural 
features such as grain size or residual stress.

Representative SEM images of the fracture surfaces on the tested 
micro-cantilevers are shown in Fig. 6. A columnar grain structure is 
observed in all SEM images, which is consistent throughout the coating’s 
thickness. In the first row, where the crack propagation is parallel to the 
growth direction, the columnar microstructure is characterized by a 
vertically aligned pattern, while the fracture surfaces of the cantilevers 
with a ⊥-notch exhibit horizontal features in the second row. Fractog
raphy shows the crack propagation mainly along GBs regardless of notch 
orientation, indicating that intergranular fracture was the dominating 
fracture mechanism.

Crack propagation was further analyzed based on the fractured 
surface. In the case of ⊥-notches, cracks continuously deflect while 
propagating along GBs. Additionally, the fracture surface reveals that, in 
some instances, the crack needs to propagate through the grain interior 
simply because there is no well-oriented GB nearby, as illustrated by the 
blue grain in Fig. 6(h). Our recent study found that GBs of hard coatings 
exhibit considerably lower fracture toughness compared to their single 
crystalline counter bodies with the identical chemical composition [34]. 
Furthermore, crack deflection and the necessity of propagating through 
tougher regions can modify the energy release rate at the tip of a kinked 
crack [8], potentially impeding crack propagation and thereby 
increasing fracture toughness.

In contrast, when the crack propagates along well-aligned, elongated 
GBs—i.e., parallel to the loading direction—it can easily propagate upon 
nucleation without kinking (Fig. 6(d)). Although no direct evidence of 
crack branching was observed in the ⊥-notched samples, it can be 
speculated that this phenomenon is more likely to occur in these 
⊥-notched samples than in those with ‖-notches due to the smaller grain 
size in the crack propagation direction.

To summarize, previous studies have suggested that GB engineering 
[20,35–38] could be a promising way to strengthen hard coatings, and 
our findings demonstrate that simply orienting the columnar grained 
microstructure can improve fracture toughness even without altering 
their microstructure or composition.

4. Conclusions

Three hard coatings—CrN, AlN and their multilayered variant—all 

Table 2 
Indentation hardness and Young’s modulus of AlN, CrN/AlN, and CrN coatings. 
And their fracture toughness (MPa m1/2) and standard error of the mean with ⊥- 
and ‖-notch.

Coating—Substrate Hardness 
[GPa]

Young’s 
modulus [GPa]

Fracture toughness 
(MPa m1/2)

⊥-notch ‖-notch

AlN—MgO 20.3 ± 1.7 327 ± 20 2.24 ±
0.06

2.07 ±
0.05

CrN/AlN—Si 28.2 ± 0.7 314 ± 9 2.90 ±
0.04

2.68 ±
0.04

CrN—Si 21.7 ± 0.9 309 ± 10 3.12 ±
0.09

2.89 ±
0.07

Fig. 6. Fracture surface of AlN, CrN/AlN, and CrN coatings with different notches. (a)–(c) The first row shows surfaces with a ‖-notch, (e)–(g) while the second row 
shows those with a ⊥-notch. (d) Schematic illustration of crack propagation direction in different geometries with columnar grain structure. The black arrows 
indicate the direction of crack propagation. The crack propagation is parallel to the growth direction, and in (h) the crack propagation is perpendicular to the 
growth direction.
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exhibiting a columnar grain structure, were deposited using unbalanced 
reactive magnetron sputtering. Their fracture behavior was quantita
tively investigated using in situ SEM micro-cantilever bending tests 
focusing on GB orientation-dependent cracks propagation, i.e. parallel 
and perpendicular to the elongated grain shape. The results clearly 
demonstrate that crack deflection along GBs significantly influences 
fracture toughness. Specifically, when cracks propagate perpendicular 
to the coating growth direction, the fracture toughness increases by 
approximately 8 % compared to the parallel case, due to enhanced crack 
deflection and occasional transgranular fracture. Among the coatings, 
CrN exhibited the highest fracture toughness, which may be attributed 
to its relatively uniform cubic structure and favorable residual stress 
state. The CrN/AlN multilayer also showed toughening effects due to its 
nanoscale architecture, likely due to increased interface density. These 
findings highlight the critical role of GB orientation and microstructural 
design in improving the fracture performance of hard coatings.
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O. Zimmer, M. Göken, C. Leyens, M. Zimmermann, In situ mechanical testing of 
hard yet tough high entropy nitride coatings deposited on compliant steel 
substrates, Thin Solid Films 787 (2023) 140137.

[13] J.A. Stewart, D.E. Spearot, Phase-field simulations of microstructure evolution 
during physical vapor deposition of single-phase thin films, Comput. Mater. Sci. 
131 (2017) 170–177.

[14] J.A. Thornton, High rate thick film growth, Annu. Rev. Mater. Sci. 7 (1) (1977) 
239–260.

[15] P. Panjan, M. Čekada, M. Panjan, D. Kek-Merl, Growth defects in PVD hard 
coatings, Vacuum 84 (1) (2009) 209–214.

[16] F. Konstantiniuk, M. Schiester, M. Tkadletz, C. Czettl, N. Schalk, Annealing 
activated substrate element diffusion and its influence on the microstructure and 
mechanical properties of CVD TiN/TiCN coatings, Surf. Coating. Technol. 488 
(2024) 131079.

[17] D. Di Maio, S.G. Roberts, Measuring fracture toughness of coatings using focused- 
ion-beam-machined microbeams, J. Mater. Res. 20 (2) (2005) 299–302.

[18] K. Matoy, H. Schönherr, T. Detzel, T. Schöberl, R. Pippan, C. Motz, G. Dehm, 
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