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a b s t r a c t 

Despite their high hardness and indentation modulus, nanostructured crystalline ceramic thin films pro- 

duced by physical vapour deposition usually lack sufficient fracture strength and toughness. This brit- 

tleness is often caused by underdense columnar grain boundaries of low cohesive energy, which serve 

as preferential paths for crack propagation. In this study, mechanical and structural properties of arc- 

evaporated Al 0.9 Cr 0.1 N thin films were analyzed using micromechanical tests, electron microscopy, atom 

probe tomography and in situ high-energy high-temperature grazing incidence transmission X-ray diffrac- 

tion. Vacuum annealing at 1100 °C resulted in the formation of regularly-distributed globular cubic Cr(Al)N 

and elongated cubic CrN precipitates at intracrystalline Cr-enriched sublayers and at columnar grain 

boundaries with sizes of ∼5 and ∼30 nm, respectively. Consequently, in situ micromechanical testing 

before and after the heat treatment revealed simultaneous enhancement of Young’s modulus, fracture 

stress and fracture toughness by ∼35, 60 and 10%, respectively. The annealing-induced concomitant im- 

provement of toughness and strength was inferred to precipitations observed within grains as well as at 

grain boundaries enhancing the cohesive energy of the grain boundaries and thereby altering the crack 

propagation pathway from inter- to transcrystalline. The here reported experimental data unveil the hith- 

erto untapped potential of precipitation-based grain boundary design for the improvement of mechanical 

properties of transition metal nitride thin films. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Though transition metal nitride (TMN) thin films are intrinsi- 

ally hard, having beneficial high Young’s modulus E and hardness 

, intercolumnar cracking at grain boundaries of relatively low co- 

esive energy is typically observed, resulting in low fracture stress 

F and toughness K IC [ 1 , 2 ]. 

Several synthesis strategies have been used to alter the mi- 

rostructure and the resulting K IC of physical vapour-deposited 

PVD) TMN thin films, such as (i) elemental alloying, which leads 

o the formation of metastable supersaturated solid solutions of 
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igher intrinsic toughness [ 3 , 4 ], as well as extrinsic toughening 

chieved by (ii) application of multi-layers and superlattices with 

lternating mechanical properties along the cross-sectional crack 

ath [ 5 , 6 ] and (iii) growth of sculptured films with tilted grain

oundaries to increase the effective crack length [2] . For exam- 

le, alloying of TiN with Al led to an increase of K IC from 1.9 to

2.7 MPa m 

½ [4] and further addition of 15 at.% Ta could improve 

K IC to ∼4.7 MPa m 

½ [3] . In the case of multi-layer films, a 60% in-

rease of K IC was reported for the TiN-SiO x system, whereby the 

K IC increase is even more pronounced for superlattice thin films, 

ith K IC values of up to 4.7 MPa m 

½ reported for a TiN/WN su- 

erlattice with a bilayer period of 10.2 nm [7] . Additionally, sculp- 

uring of TiN grains led to an increase of K IC to 3.1 MPa m 

½ [2] ,

hile implementing SiO x between differently oriented TiN sublay- 

rs resulted in a further K increase to 3.5 MPa m 

½ [8] . 
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Furthermore, in the case of technologically relevant TMNs, both 

igh H and K IC have to be combined with sufficient thermal stabil- 

ty of phases and microstructure as well as a good oxidation resis- 

ance up to ∼10 0 0 °C. Limited experimental data is however avail- 

ble on the alteration of fracture properties of PVD thin films dur- 

ng or after annealing. In the case of CrN [9] and TiN [10] , anneal-

ng above the deposition temperature caused a significant deterio- 

ation of fracture properties, which has been attributed to a defect 

nnihilation at the grain boundaries [ 9 , 10 ], a compressive residual 

tress relaxation [11] and a pore formation at the grain boundaries 

10] . In the case of Al-rich cubic (c) TiAlN [4] , spinodal decompo-

ition resulted in an increase of K IC at ∼850 °C, whereas segre- 

ation of wurtzite (w) AlN at temperatures above 950 °C caused a 

rop in H, E and K IC [4] . Even before w-AlN had been segregated 

rom CrAlN, a drop of K IC from 2.5 to 1.5 MPa m 

½ after anneal-

ng at 700 °C was found by Drnovsek et al . [12] . Exemplary, for the

ase of single crystalline TiN/NbN superlattice thin films on MgO, 

he thermal stability was found to be limited to ∼900 °C with in- 

erdiffusion and alloying of the individual sublayers, which dete- 

iorate mechanical properties [ 13 , 14 ]. That study did not consider 

he diffusion along grain boundaries, which is however of high im- 

ortance for technologically relevant TMN films. Generally, it can 

e stated, that despite the above achievements in improving K IC 

y alloying and microstructural design of as-deposited TMN thin 

lms, when the films are exposed to high temperatures their me- 

hanical properties deteriorate, due to the interdiffusion of alloy- 

ng elements, decomposition of metastable supersaturated alloys 

nd/or degradation of the multi-layered structures [ 4 , 13 , 14 ]. How-

ver, the authors are not aware of any published studies address- 

ng the toughening of columnar grain boundaries of PVD thin films 

y using a dedicated grain boundary segregation. For w-ZrAlN PVD 

lms, indeed, precipitation of c-ZrN at the columnar grain bound- 

ries was reported after annealing to 1100 °C, although no mechan- 

cal properties were investigated in that pioneering study [15] . 

Grain boundary segregation engineering [16] was exploited for 

everal bulk metal alloys in the recent years, where the most sci- 

ntific interest was drawn on martensitic steel with medium Mn 

ontent (8–12 wt.%). Grain boundary segregation engineering was 

erformed by a 48 h long annealing treatment at 500 °C in a Fe- 

2 wt.% Mn alloy, where a reverse transformation of lath marten- 

ite into austenite at the grain boundaries, accompanied by subse- 

uent toughening was achieved. The annealing leads to a Mn ex- 

ess on the grain boundary of up to 25%, thus stabilizing the duc- 

ile/tough austenite phase [17] . Another example is bulk Mo, which 

uffers from brittle intercrystalline failure, where a grain boundary 

egregation engineering has been used to (i) adjust the brittle-to- 

uctile-transition temperature below room temperature (RT) and 

ii) to change fracture behavior from inter- to trans-granular [18–

0] . 

As mentioned above, the available literature shows the limited 

hermal stability of mechanical properties of conventional ternary 

-TiAlN and c-CrAlN thin films, with significant deterioration of 

echanical properties at 950 [4] and 700 °C [ 12 , 21 ], respectively.

n contrast, Al x Ti 1-x N films with Al contents of up to x = 0.95 and

igh Al-containing AlCrN films alloyed with Si led to the forma- 

ion of predominantly wurtzite crystal structure with superior ther- 

al stability and oxidation resistance [22–24] . However, no detailed 

nalysis of the influence of microstructural changes on mechanical 

roperties and their stability was given in these studies. Given the 

eported precipitation at 1100 °C in w-ZrAlN [15] , this work aims 

o highlight the possibilities of the w-Al 0.9 Cr 0.1 N thin film system, 

hich was up to now mostly neglected in literature. 

Here, we present a comprehensive structural, compositional 

nd micromechanical analysis of a nanocrystalline Al 0.9 Cr 0.1 N thin 

lm, which consisted of wurtzite B4 crystal structure in the as- 

eposited state. After being subjected to a heat treatment with a 
2 
eak temperature of 1100 °C, the film microstructure turned pri- 

arily to a composite of w-AlCrN columnar grains, with c-CrN and 

-Cr(Al)N precipitates formed at grain boundaries and at former 

eriodic Cr-enriched compositional modulations within the grains, 

espectively. Consequently, the fracture mode switched from inter- 

olumnar (in the as-deposited state) to trans-columnar fracture (in 

he annealed state), while simultaneously enhancing E, σF and K IC . 

he reported enhancement of mechanical properties demonstrates 

he enormous untapped potential of grain boundary design in the 

ynthesis of hard and tough TMN thin films. 

. Methods 

.1. Thin film synthesis 

The ∼12.2 μm thick Al 0.9 Cr 0.1 N (further denoted as w-AlCrN) 

hin film was prepared by cathodic arc evaporation in a voestalpine 

ifeler-Vacotec alpha400P deposition system equipped with six 

l 0.9 Cr 0.1 cathodes operated at a cathode current of 100 A, sub- 

trate bias voltage U B = -100 V, nitrogen pressure p N 2 = 4 Pa and

 substrate temperature of T S = 475 °C. The mirror-polished ce- 

ented carbide (WC, 10 wt.% Co) substrates of a dimension of 

0 × 5 × 5 mm ³ were mounted on the sample holder in one-fold- 

otation using a rotation speed of 2 rpm at a minimum cathode-to- 

ubstrate distance of ∼100 mm and plasma cleaning was employed 

rior deposition. 

.2. In situ high-temperature high-energy X-ray diffraction 

The in situ high-energy high-temperature grazing incidence 

ransmission X-ray diffraction (HE-HT-GIT-XRD) [21] experiments 

ere performed at the P07B beamline of the PETRA III synchrotron 

ource in Hamburg (D) in transmission geometry, using a pen- 

il X-ray beam with a size of 400 μm × 100 μm and an energy of

7.1 keV. The samples were mounted into a DIL 805 dilatometer 

TA Instruments) with the surface aligned with respect to the pri- 

ary beam at an incident angle β of ∼2 deg. 

The thermal cycle included heating to 1100 °C at a rate of 1 K/s 

ollowed by a holding segment of 300 s at the maximum temper- 

ture (both in vacuum at p total < 10 −2 mbar) and subsequent cool- 

ng to room temperature (RT) at a rate of ∼1 K/s, controlled by the 

r flow through the dilatometer chamber. The heating and cool- 

ng rates were adjusted for receiving sufficient diffracted signal at 

he 2D detector, which can be revised together with further exper- 

mental details in Ref. [21] . 

.3. Electron microscopy 

Cross-sections from as-deposited and annealed Al 0.9 Cr 0.1 N films 

ere fabricated using a Zeiss CrossBeam 1540XB focused ion beam 

FIB) microscope. First a tungsten protection layer was deposited 

sing the gas injection system and polishing currents ranging from 

o 200 pA to 10 pA were used. Cross-sectional characterization was 

erformed in a Zeiss LEO 1525 scanning electron microscope (SEM) 

ith 3 kV accelerating voltage using an aperture of 20 μm. Addi- 

ionally, fracture surfaces were characterised after the in situ can- 

ilever bending experiments ( cf . Section 2.5 ) applying the former 

arameter set at an inclination angle of 45 deg. Energy disper- 

ive X-ray spectroscopy (EDS) was performed in SEM using built-in 

tandards (Zeiss LEO 1525, Bruker Quantax, with 10 kV accelerat- 

ng voltage and 60 μm aperture). Twenty EDS measurements were 

erformed for as-deposited and annealed films quantifying Al, Cr, 

, and O contents. 

Electron beam-transparent cross-sectional lamellae for trans- 

ission electron microscopy (TEM) analyses were prepared by a 

EI Helios NanoLab 660 FIB. The Ga + -ion source was operated at 
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tepwise decreased accelerating voltages of 30, 5 and 2 kV and con- 

tantly decreasing ion currents of 40 nA to 50 pA. Scanning trans- 

ission electron microscopy (STEM) and EDS analysis were per- 

ormed using a FEI Titan Themis operated at an acceleration volt- 

ge of 300 kV. The EDS analysis were performed using a four- 

uadrant detector and a probe current of 1 nA, while the recorded 

ata were treated using the Velox software and quantified by built- 

n standards. Selected area electron diffraction (SAED) was per- 

ormed using a JEOL 2200FS microscope operating at an acceler- 

tion voltage of 200 kV. An in-column omega filter was utilised to 

enter a 5 eV wide aperture around a zero-loss peak to enhance 

he signal-to-noise ratio in the SAED micrograph. The diffraction 

ata was processed and indexed in a CrysTBox software [25] . 

.4. Atom probe tomography 

The local chemical composition at the nanometre scale of the 

s-deposited and 1100 °C annealed thin films was investigated by 

tom probe tomography (APT). Field evaporation was assisted by 

aser pulsing using a CAMECA local electrode atom probe 40 0 0X 

R. It has been demonstrated for a (Ti 0.255 Al 0.235 )(N 0.505 O 0.005 ) thin 

lm that the absolute Al composition from APT is overestimated, 

hile the N composition is underestimated [26] . Since the mea- 

urement accuracy is governed by the electric field strength, a rel- 

tively low laser pulse energy of 10 pJ was used in order to in-

rease the ionization probability of neutral species [27] . The laser 

ulse frequency, base temperature and detection rate were set at 

00 kHz, 60 K and 5 ions out of 10 0 0 applied laser pulses, respec-

ively. At least 20 million ions were detected and the IVAS 3.8.0 

oftware was used for data analysis, employing the shank angle 

econstruction protocol. Based on TEM data, the reconstruction pa- 

ameters were tuned towards a bilayer thickness of 34 nm in case 

f the as-deposited thin film ( cf . Fig. 5 ). Similar reconstruction pa-

ameters were adopted for the thin film annealed at 1100 °C, tak- 

ng the initial specimen geometry differences into account. Needle- 

haped specimens were prepared by FIB according to a standard 

rotocol [28] using a FEI Helios Nanolab 660 dual-beam micro- 

cope. 

.5. Micromechanical testing 

Indentation modulus E i and hardness H of the films in as- 

eposited and annealed state were determined by means of 

anoindentation (UMIS, Fischer-Cripps Laboratory Ltd.). In situ mi- 

romechanical tests were carried out in a ZEISS LEO 982 SEM 

quipped with a Hysitron PI 85 nanoindenter. At first, cantilevers 

f L × B × t ∼ 12 × 2 × 2.9 μm 

3 from the as-deposited and annealed 

l 0.9 Cr 0.1 N films were fabricated using a ZEISS LEO CrossBeam 

540XB workstation using a set of milling currents ranging from 

 nA for removal of the substrate down to 100 pA for final polish-

ng. Special care was taken to avoid cantilever damage from Ga + 

ons by using low FIB milling currents at the final cantilever prepa- 

ation steps in agreement with [ 29 , 30 ]. The samples were loaded

nd fractured using a sphero-conical indenter tip (Synton MDP AG, 

witzerland) with a tip radius of 700 nm using a loading speed of 

0 nm/s applied in a displacement-controlled feedback loop. The 

eceived load ( P )-deflection ( w ) curves were corrected for instru- 

ent compliance. In addition to the indentation modulus derived 

rom the nanoindentation experiments, the elastic modulus E was 

alculated from the slope dP 
dw 

of the load-deflection curves as fol- 

ows 

 = 

4 

B 

× dP 

dw 

×
(

L 

t 

)3 

, (1) 

here P and w are load and deflection of the cantilever during 

oading, B , L and t are the width, the length and the thickness 
3

f the cantilever, respectively. From the maximum applied load at 

racture P max , the fracture stress σF was calculated according to 

F = 6 

P max L 

Bt 2 
. (2) 

In order to determine the fracture toughness K IC of the films, 

 notch with a depth of a ∼ 600 nm was added at 2 μm distance

rom the ground using a current of 10 pA for 90 s on half of the

antilevers in agreement with the recommendations of Best et al . 

30] . By applying linear elastic fracture mechanics, K IC was calcu- 

ated as 

 IC = σF 

√ 

πa × Y 

(
a 

t 

)
, (3) 

here Y ( a t ) is the dimensionless shape factor derived by Ref. 

31] for the freestanding cantilever geometry. 

 

(
a 

t 

)
= 

√ 

2 t 

πa 
tan 

(
πa 

2 t 

)0 . 923 + 0 . 199 

(
1 − sin 

(
πa 
2 t 

))4 

cos 
(

πa 
2 t 

) (4) 

Additionally, the critical (Griffith) flaw size is calculated using 

qs. (2 ) and (3) , where a shape factor Y = 

2 / √ 

π is applicable ac-

ording to Ref. [32] . 

.6. Density functional theory interface fracture toughness calculation 

Density functional theory (DFT), as implemented in the Vienna 

b initio Simulation Package, was used to calculate mechanical 

roperties of the Al-Cr-N system [ 33 , 34 ]. The exchange and corre- 

ation effects were described at generalised gradient approximation 

GGA) level as parametrised by Perdew-Burke-Ernzerhof [35] while 

he ion-electron interactions were described employing Projected 

ugmented Wave pseudo-potentials [36] . The plane wave cut-off

nergy was to 700 eV and a Monkhorst-Pack mesh [37] of 5 × 5 × 1

 -points was used. Supercells were created by stacking unit cells 

f wurzite or cubic AlN and CrN along the z -axis. The hexago- 

al w-[0 0 01] and c-[111] axes were orientated along the z- axis 

f the reference frame, thus creating a w-(0 0 01) or c-(111) inter- 

ace in the middle of the supercell, dividing two regions with an 

qual number of atoms. The calculations were done with cells of 

6 atoms. CrN was considered in its anti-ferromagnetic state [38] . 

efore cleaving the cells to determine the interface strength, they 

ere relaxed until the energy and the forces changes were smaller 

han 10 −5 eV (per supercell) and 10 −2 eV/ ̊A. 

The strength of the interface of the relaxed cells was deter- 

ined either by cleaving at the interface or at an arbitrary plane 

n the case of the binaries. The cells were separated stepwise, not 

llowing any relaxation for either the lattice parameters nor the 

tom positions during cleaving. The creation of two surfaces, due 

o the separation, leads to an energy increase compared to the re- 

axed state. The energy difference between the fully separated and 

he initial intact (bulk) state is considered as the cleavage energy 

 c . Fitting Eq. (5 ) to the energy (per surface area) vs separation

ata, one can calculate the critical length ( l c ) [39] . 

 ( x ) = Q c 

[ 
1 −

(
1 + 

x 

l c 
e −

x 
l c 

)] 
. (5) 

Using the cleavage energy and the Young’s moduli E hkl the frac- 

ure toughness ( K IC ) was calculated according to [32] 

 IC = 

√ 

2 γ E hkl , (6) 

here γ is the surface energy which was approximated by γ = 

 c / 2 . E hkl is the directional Young’s modulus calculated using liter- 

ture data. 
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Fig. 1. SEM-micrographs of fracture cross-sections of as-deposited (a) and annealed (b) arc-evaporated films, respectively. The insets with FIB-polished cross-sections (c,d) 

document a periodic change in the composition in the out-of-plane films’ direction. Additionally, formation of globular precipitates at the grain boundaries and at the 

(formerly Cr-enriched) sublayers’ interfaces can be observed in (d). 
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. Results 

.1. SEM characterization of as-deposited and annealed 

icrostructure 

Representative cross-sections of as-deposited and annealed 

lms are presented in Fig. 1 a and b, respectively. In both cases, 

ense columnar grain microstructures were found at low SEM res- 

lution, whereas the annealed film cross-section shows more sub- 

icron cross-sectional features ( cf . Fig. 1 b). The FIB-polished cross 

ection of the film in as-deposited state at low magnifications pre- 

ented in Suppl. Fig. 1a confirmed the dense microstructure and 

evealed droplets of different sizes originating from the arc evapo- 

ation process disturbing the uniform coating growth ( e.g . [ 40 , 41 ]).

hese droplets are either crystalline or amorphous [41] and may 

lso form voids ( cf . Suppl. Fig. 1a) in agreement with Refs. [40–42] .

he further investigation of the FIB-polished cross sections at high 

agnifications revealed a layered sub-structure with a layer peri- 

dicity of ∼30 nm in the as-deposited film ( Fig. 1 c), typical for the

lm growth on substrates rotating periodically in and out the line- 

f-sight of the deposition [43–48] . Eriksson et al . identified this ef- 

ect as preferential resputtering of light elements by heavier ions 

t high plasma incidence angles, found in segments of the rotation 

eading to and away from the line-of-sight [43] . In the annealed 

lm at low resolution, some pores could be identified, similar in 

izes to the droplets found in as-deposited state ( cf . Suppl. Fig. 1). 

he pores are attributed to (i) the higher coefficient of thermal 

xpansion of the metalloid particles and (ii) crystallization of the 

roplets at high temperatures [49] , leading to a densification of the 

roplets and subsequent formation of an insignificant number of 

ores ( cf . Suppl. Fig. 1b). At high magnifications, the cross-sectional 

ayered morphology is still preserved to some extent and, addi- 

ionally, fine dispersed precipitations were detected ( cf. Fig. 1 d). 

roups of the precipitates are distributed along the film in-plane 

nd out-of-plane directions at the intracrystalline sub-layers’ inter- 

aces and columnar grain boundaries, respectively ( Fig. 1 d). From 

he FIB-cross section presented in Fig. 1 d it appears, that the pre- 

ipitates at the grain boundaries are larger compared to those at 
t

4

he interfaces between the intracrystalline sub-layers. Since the 

esolution of the SEM images is too low to determine the size of 

he precipitates accurately, which will be the focus of the TEM and 

PT analyses presented in Sections 3.3 and 3.4 , respectively. Re- 

ults of EDS performed on the surfaces of the as-deposited and an- 

ealed films are presented in Table 1 and indicate that, (i) within 

he accuracy of the method, the overall film composition did not 

hange after the annealing and (ii) there was only small amount 

f residual O from the dilatometer chamber ( Section 2.2 ) incorpo- 

ated into the film during annealing. Regarding the quantification 

f the O content in the film interior, the results obtained by APT 

 Section 3.4 .) should be considered, where a total O content below 

.2 and 0.5 at.% was detected for the as-deposited and annealed 

lms, respectively. Furthermore, the EDS results revealed, that the 

r/(Al + Cr) ratio is slightly higher compared to the cathode compo- 

ition of Al 0.9 Cr 0.1 ( Section 2.1 ), which can be related to the prefer-

ntial scattering and sputtering of the lighter Al compared to the 

eavier Cr [50] . 

.2. Indentation, in situ micromechanical testing and ex situ 

ractography 

As a next step, the influence of the precipitation observed 

n SEM, data ( cf . Fig. 1 ) on the mechanical properties of the

s-deposited and annealed w-AlCrN films was further analyzed. 

ardness H and indentation modulus E i were determined by the 

anoindentation and the data are summarised in Table 2 . Though 

oderate values were detected in the as-deposited film compared 

o the literature [ 51 , 52 ], an increase of 6 and ∼90 GPa (both ∼35%)

etected after the heat-treatment for H and E i , respectively, is quite 

emarkable. 

In order to assess the mechanical properties without an influ- 

nce of residual stresses and the substrate, micromechanical bend- 

ng tests on notched and unnotched cantilevers were performed. 

he recorded load-deflection curves ( cf . Fig. 2 a and b, respectively) 

eveal a linear-elastic deformation, i.e., no signs of plastic deforma- 

ion were observed. The curves were utilised to evaluate E, σ and 
F 
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Table 1 

Elemental composition of the film in as-deposited and annealed state, respectively. 

Al [at.%] Cr [at.%] N [at.%] O [at.%] Cr/(Al + Cr) [-] 

as-deposited 43.9 ± 2.2 6.6 ± 0.6 48.6 ± 2.8 0.9 ± 0.7 0.131 ± 0.018 

annealed 43.6 ± 1.5 6.5 ± 0.4 48.1 ± 1.5 1.8 ± 0.6 0.130 ± 0.012 

Fig. 2. Load-deflection curves recorded during micromechanical tests on unnotched (a) and notched (b) cantilevers FIB machined from as-deposited and annealed films. The 

inserts in (a) and (b) represent the unnotched and notched cantilever geometry, respectively with L × B × t dimensions of ∼12 × 2 × 2.9 μm 

3 . 

5 
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Fig. 3. Fracture surfaces of unnotched cantilevers fabricated from as-deposited (a) and annealed films (b); fracture surfaces of notched cantilevers fabricated from as- 

deposited (c) and annealed films (d). The as-deposited film (a,c), fractures along columnar grain boundaries. The annealed film (b,d) shows the relatively smooth wavy 

fracture surfaces indicating a transgranular fracture. Additionally, the S-shaped fracture path in (b) is a further indication for transgranular film cracking. 

Table 2 

Hardness ( H) and indentation modulus ( E i ) in as-deposited and annealed state 

measured by means of nanoindentation. 

H [ GPa ] E i [ GPa ] 

as-deposited 18.3 ± 1.0 251 ± 16 

annealed 24.3 ± 1.0 343 ± 21 
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 IC according to Eqn 1, 2, 3 and 4 ( cf . Section 2.5 ), which are sum-

arised in Table 3 . 

The Young’s modulus E derived from the bending experiment is 

n good agreement with the data evaluated by indentation tests ( cf . 

ables 2 and 3 ), again an increase from ∼210 to 310 GPa was found

or the as-deposited and annealed states, respectively. The differ- 

nces between the particular moduli (received from nanoindenta- 

ion and cantilever-bending experiments) on the two films can be 

ttributed to substrate effects and gradient nature of the columnar 

lms. 

A significant increase after the annealing was also found for the 

racture stress σF , which reached a value of 5.1 GPa, only inferior 

o CrN in as-deposited state, yet superior to the same film after 

nnealing to 500 °C [9] and far beyond previously reported frac- 

ure stress values of other monolithic or even advanced PVD ni- 

ride thin films reported in Refs. [ 2 , 8 ]. 

Finally, a slight increase of facture toughness K IC by ∼10% 

as evaluated from the cantilever experiments after the anneal- 

ng. However, an increase in the film’s fracture resistance can be 

epresented also by the critical flaw size. According to Eq. (3 ) ( cf .

ection 2.5 ), a change of the natural critical flaw size from 178 ± 59 

o 87 ± 18 nm after annealing was evaluated from the fracture 

tress and fracture toughness. 

However, there is a remarkable difference in the morphol- 

gy of the fracture surfaces of the as-deposited and annealed 

l 0.9 Cr 0.1 N films shown in Fig. 3 . In the as-deposited micro- 

antilevers ( Fig. 3 a,c), an intercolumnar fracture was observed, in- 
6 
icated by the rather rough fracture surface originating from the 

icroscopic changes of the crack path along the boundaries of 

he columnar grains, similar to the fracture cross-section presented 

n Fig. 1 a. This behavior is typical for PVD transition metal ni- 

ride thin films and is in a good agreement with the literature 

 2 , 3 , 6 ]. Contrary, in the annealed unnotched and notched micro-

antilevers presented in Fig. 3 b and 3 d, respectively, rather smooth 

nd wavy fracture surfaces were found. Moreover, in the case of 

he unnotched cantilever ( Fig. 3 d), an S-shaped contour along the 

racture path, which is in general associated with trans-columnar 

racture during bending ( i.e . a change in the fracture path to re- 

ions with less compressive stress in the lower half of the remain- 

ng cantilever), as seen for example for single-crystalline Si [53] or 

efect-free WC [54] , was detected. 

It is expected that the change in fracture surface morphology 

rom inter-columnar to trans-columnar fracture is related to the 

ormation of c-Cr(Al)N nano-precipitates along the (formerly Cr- 

nriched) sublayers’ interfaces and at the columnar grain bound- 

ries, which nature and origin will be further discussed in detail 

n Sections 3.3 –3.5 , which are devoted to TEM, APT and in situ 

E-HT-GIT-XRD. The precipitates presumably block the normally 

eak fracture links along the grain boundaries, which is supported 

y qualitative results obtained via ab initio DFT calculations ( cf . 

ection 3.6 ). 

.3. TEM characterization 

EDS was performed in TEM on the as-deposited and annealed 

lms cross-sections to obtain further insights onto the nanoscopic 

lemental distributions of Cr, Al and N in the precipitates and in 

he matrix ( Fig. 4 ) contributing to the unprecedented fracture be- 

avior for w-AlCrN films presented above. The HAADF micrograph 

nd the corresponding elemental color maps retrieved from the as- 

eposited film ( Fig. 4 a) show a cross-sectional periodic variation of 
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Table 3 

Mechanical properties investigated by in situ cantilever bending tests in as-deposited and 

annealed state. 

E [ GPa ] σF [ GPa ] K IC [ MPa m 

1 / 2 ] critical flaw size [nm] 

as-deposited 212 ± 18 3.2 ± 0.4 2.7 ± 0.3 178 ± 59 (141–226) 

annealed 311 ± 18 5.1 ± 0.4 3.0 ± 0.2 87 ± 18 (75–100) 

Fig. 4. Results from HAADF and EDS analyses on the as-deposited (a,) and annealed (b,d) AlCrN thin films. The elemental composition along the dashed lines in (a,b) is 

presented in (c,d). The results indicated a periodic variation of Cr and Al in the as-deposited arc-evaporated film and complementary Cr-enrichment/Al-depletion across a 

representative precipitate in the film after the annealing. The N composition in both films appear monotonous and unchanged by the thermal treatment. The dashed circles 

in (a) indicate a microdroplet differing in chemical composition, especially a depletion in N. 
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l and Cr concentrations, while the N content in the film remains 

onstant. 

Furthermore, a quantitative line intersection presented in 

ig. 4 c reveals that the sublayers’ interfaces are already enriched 

n Cr with an excess magnitude of ∼9 at.% compared to sublay- 

rs’ interiors, where ∼5.5 at.% Cr-content was detected, accompa- 

ied by a complementary deficiency of the Al-content. Addition- 

lly, micro- and nanodroplets were incorporated in the film in the 

s-deposited state, which could be clearly detected due to their 

epletion in N ( cf . the encircled area in the Al, Cr, and N maps

n Fig. 4 a) [ 40 , 55 , 56 ]. Due to the intrinsic roughness of the arc-

vaporated film induced by these micro- and nanodroplets, the ac- 

ual periodic elemental variation may be covered. Therefore, the 

D APT results from Fig. 7 should be considered for better resolu- 

ion. 

Chemical analysis performed on the annealed film cross-section 

s presented in Fig. 4 b and d. The HAADF micrograph and the el-
7 
mental maps clearly reveal that the angular precipitates are de- 

leted in Al and enriched in Cr, whereas N was evenly distributed 

ithin the scanned area ( Fig. 4 b). A variation of chemical compo- 

ition along a representative precipitate is furthermore highlighted 

n Fig. 4 d, where the Cr-content is enriched to ∼0.2, whereas Al- 

ontent is reduced to ∼0.3 far off the overall concentration pre- 

ented in Table 1 . Remarkably, the concentrations of both metals 

nd N oscillate reciprocally along the precipitate ( Fig. 4 d). How- 

ver, an influence of the (possibly) underlying w-AlCrN matrix on 

he results cannot be fully excluded, therefore the individual com- 

osition of selected precipitates was further analyzed by APT in 

ection 3.4 . 

In order to investigate the cross-sectional microstructure of the 

lms further, HR-TEM was performed. An elongated ∼15 nm thick 

rain within the as-deposited film was selected in bright field 

ode (appearing dark in Fig. 5 a) and imaged by HAADF ( Fig. 5 b)

nd HR-TEM ( Fig. 5 c). Several brighter Cr-enriched zones cross the 
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Fig. 5. TEM-analysis of the as-deposited AlCrN thin film. A bright-field STEM micrograph showing the elongated columnar grains is presented in (a). The marked dark grain 

fulfils the diffraction condition and is bright in (b) and imaged using HR-TEM in (c). A HAADF STEM micrograph is presented in (b), the dashed arrows showing the periodic 

modulation of Cr content, while the bright grain is imaged using HR-TEM in (c). HR TEM analysis of the film in as-deposited state (c). The inset shows the FFT produced 

from the dashed rectangle. The arrows in (a) and (c) indicate the film growth direction. Please note that the scalebar in (b) applies for both (a) and (b). 
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rain ( cf . Fig. 3 b), with a period of ~34 ± 0.5 nm, in agreement with

he EDS data from Fig. 4 a and c. The same grain was imaged by

R-TEM, where the fast Fourier transformation (FFT) indicates ex- 

lusively wurtzite crystal structure and the [110] orientation to be 

arallel to the growth direction ( Fig. 5 c), in agreement with the 

-ray diffraction data obtained from the sample ( cf . Section 3.5 ). 

The cross-sectional microstructure of the annealed sample ( cf . 

ig. 6 a) is dominated by rather globular precipitates formed at 

he intracrystalline interfaces between the sublayers (formerly Cr- 

nriched regions, cf. Fig. 5 b) and elongated precipitates formed 

t the columnar grain boundaries. Additionally, metallic globu- 

ar micro-droplets (encircled in Fig. 6 ) originating from the arc 

vaporation process are still present within the film. The corre- 

ponding EDS map and line-intersection along the micro-droplet 

re shown in Suppl. Fig. 2. In agreement with Fig. 1 d, it can be

ualitatively concluded from Fig. 6 a, that the elongated precip- 

tates formed at the columnar grain boundaries (indicated by 

ashed arrows) are larger compared to those formed at the Cr- 

nriched zones (solid arrows) within the grains. Additionally, the 

R-TEM, FFT and selected electron diffraction analyses of a rep- 

esentative precipitate at a grain boundary in Fig. 6 b indicate 

he presence of cubic phase precipitate and wurtzite matrix ( cf . 

ig. 6 b,c). The individual chemical composition of the selected pre- 

ipitates was quantified by APT and is presented in the following 

ection. 

.4. APT characterization 

In order to get further insight into the local chemical composi- 

ion of the matrix and the precipitates in both the as-deposited 

nd annealed films, APT was performed ( cf . Figs. 7 and 8 ). The

s-deposited film exhibits a periodic increase in Cr concentration, 

epresented by the isoconcentration surfaces in Fig. 7 a, whereby 

eak Cr concentrations of ∼8 at.% were found with a periodicity of 

4 nm ( Fig. 7 b) along the growth direction, accompanied by a com- 

lementary Al depletion. No clustering or depletion was found for 

 and no clusters of enhanced Al content were detected in the as- 

eposited film ( Fig. 7 ). The oxygen content was < 0.2 at.% and the

ariation in Cr content between 5 and 8 at.% is in good agreement 
8 
ith the EDS data received from SEM ( Table 1 ) and TEM ( Fig. 4 ).

orresponding mass spectrum data is provided in Suppl. Fig. 3 to- 

ether with a detailed list in Suppl. Table 1 of the employed rang- 

ng which corresponds to the assignment of chemical species to 

he detected peaks. From the mass spectrum data, it is obvious 

hat the 54 Cr 2 + isotope overlaps with 

27 Al + . The entire peak at 

7 Da was assigned to Al and based on the Cr abundance it can 

e determined that the underestimation of the Cr content is max- 

mum 0.2 at.% and thus negligible. 

However, the N content varies between 39 and 43 at.% 

long the composition profile and is significantly lower than 

he 49 at.% obtained by EDS. Consequently, the absolute N 

omposition, quantified by laser-assisted APT is underestimated, 

hile Al is overestimated. Laser-assisted APT quantification of a 

Ti 0.255 Al 0.235 )(N 0.505 O 0.005 ) thin film at 10 pJ laser pulse energy re- 

ealed underestimation of N by 4.1 to 5.6 at.%, while Al was over- 

stimated by 3.0 to 4.5 at.% [ 23 , 24 ]. These compositional discrep-

ncies can be understood by dissociation of N 2 -carrying molecu- 

ar ions resulting in neutral fragments which cannot be detected 

57] . As the (Cr,Al)N and (Ti,Al)N systems are similar in terms of 

ond strength [58] , it can be expected that the nitrogen content of 

he here investigated Al 0.9 Cr 0.1 N films is underestimated by up to 

 at.%, when quantification is based on laser-assisted APT. 

The APT results from the annealed sample are presented 

n Fig. 8 and the oxygen content was < 0.5 at.%. Primarily, two 

ypes of elemental clusters could be identified, which are (i) Cr- 

nriched clusters with the size of < ∼10 nm regularly distributed 

n the probed volume and (ii) elongated, considerably larger clus- 

ers composed of Cr and N and completely depleted of Al. The 

maller clusters ( Fig. 8 a,b) represent the precipitates formed within 

he columnar grains at the interfaces between the (formerly Cr- 

nriched) sublayers’ interfaces ( cf . full arrows in Fig. 6 a), which 

re composed of Al x Cr 1-x N with an Al-content far below the ex- 

erimental limit of x ≈ 0.7 [ 51 , 59 ] for the stabilization of the cubic

hase. The larger elongated clusters, which are exclusively formed 

f Cr and N ( cf . Fig. 8 c), represent c-CrN precipitates formed along

he boundaries of the columnar grains ( cf . Fig. 6 c). 

Furthermore, a Cr cluster ( Fig. 8 d) depleted in Al and N, was

dentified in vicinity of AlN, depleted in Cr. Following, this clus- 
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Fig. 6. TEM-analysis of the annealed AlCrN film. HAADF micrograph in (a) shows the precipitates formed at the (formerly Cr-enriched) sublayers’ interfaces (exemplary 

marked with full arrows) and at the columnar grain boundaries (dashed arrows). The encircled particle is a microdroplet originating from the deposition process. In (b), 

HR-TEM of a representative c-Cr(Al)N precipitate at a grain boundary fulfilling the diffraction condition, the inset shows the FFT of the precipitate. SAED of the annealed film 

identifies w-AlN and c-CrN phases present after the annealing (c). 
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er is identified as a micro-droplet originating from the deposi- 

ion process in agreement to TEM results ( Fig. 4 ) and literature 

 40 , 55 , 56 ]. The uncertainties induced by atom probe data recon-

truction were minimized through tuning the reconstruction pa- 

ameters based on TEM data towards a bilayer thickness of 34 nm 

n case of the as-deposited thin film. As shown in Suppl. Fig. 4, the 
9 
s-deposited and annealed specimens employed for atom probe 

easurements look very similarly after FIB preparation. Hence, the 

econstruction parameters from the as-deposited film were simi- 

arly adopted for the annealed one. Thus, the reconstructed sizes of 

he precipitates can be expected to be on the right order of mag- 

itude. 
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Fig. 7. APT characterization of the Al 0.9 Cr 0.1 N thin film in as deposited state. Al, Cr and N atomic positions are presented in (a) with isoconcentration surfaces highlighting 

regions with Cr ≥10 at.%. Concentration profiles for Al, Cr and N along the cylinder in (a) are presented in (b), showing periodic depletion and enrichment of Al and Cr, 

respectively, in good agreement with TEM-EDS data presented in Fig. 4 . 
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.5. In situ high-temperature high-energy X-ray diffraction analysis 

In order to understand the temperature-dependent decom- 

osition pathways within the w-AlCrN thin film, in situ high- 

emperature X-ray diffraction was used to assess volume-averaged 

roperties. The results from the in situ synchrotron experiment 

ere used to assess primarily the phase evolution, in-plane resid- 

al stresses and microstructure within the Al 0.9 Cr 0.1 N film dur- 

ng annealing in the range of 25–1100 °C ( Fig. 9 a), applying the

ethodology from Ref. [21] . The aim was to identify structural 

hanges, which might influence the mechanical behavior of the an- 

ealed film. A portion of the experimental data as well as the eval- 

ation methodology are presented in the supplementary informa- 

ion. 

At room temperature, film wurtzite Al(Cr)N 100, 002, 101, 102 

nd 110, substrate hexagonal WC 100 and 101 as well as substrate 
10 
ubic Co 111 and 200 reflections were recorded by the 2D de- 

ector [60] . During the heating up and cooling down, the peaks 

hifted collectively to lower and higher diffraction angles, respec- 

ively, due to thermal expansion and contraction of the crystal lat- 

ice ( Fig. 9 b). After passing the deposition temperature threshold, 

eak widths of the Al(Cr)N reflections gradually decreased and in- 

ensities increased, as a consequence of the structure recovery [11] . 

o signal from the c-Cr(Al)N and c-CrN precipitates could be how- 

ver detected, due to the small size of the precipitates resulting to 

elatively small scattering cross-sections and the fact, that in the 

articular 2 θ-region, the c-Cr(Al)N 111 and 200 reflections were 

ainly overlapped with the w-AlN 101 and c-Co 111 reflections, 

espectively. 

In situ qualitative texture analysis was performed by evaluat- 

ng azimuthal intensity distributions along Debye-Scherrer rings, as 

iscussed in the supplementary data. The results revealed a mix- 
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Fig. 8. APT characterization of the Al 0.9 Cr 0.1 N thin film after annealing at 1100 °C. Al, Cr and N atomic positions are presented in (a), with isoconcentration surfaces high- 

lighting regions with Al ≥65 at.% Cr ≥10 at.%. Proximity histograms of Cr-rich regions with Cr ≥10 at.% are presented for selected precipitates in (b), (c) and (d) and the 

corresponding precipitates are highlighted by circles in (a). It can be seen, that three different types of precipitates evolve during the heat treatment, which are rather 

globular AlCrN precipitates with a size < 10 nm within the columnar grains (b), elongated CrN precipitates at the grain boundaries (c) and Cr precipitates corresponding to 

micro-droplets originating from the deposition process (d). 
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ure of 〈 100 〉 and 〈 110 〉 fibre textures, both with densely-packed

001} planes oriented parallel to the growth direction as well as to 

he boundaries of the columnar grains ( cf . Suppl. Fig. 5). The texture 

id not change significantly during the annealing. 

2D diffraction data were used to evaluate temperature depen- 

encies of the unstressed lattice parameters c o (T ) and a o (T ) us-

ng the methodology presented in the supplementary informa- 

ion. In the temperature range of 25–475 °C, both c o and a o grad- 

ally increase with the temperature as a consequence of crys- 

al lattice thermal expansion ( Fig. 9 c). Above the deposition tem- 

erature of ∼475 °C, however, a o start to decrease and, at the 

nd of the thermal cycle, a o shrinks significantly, whereas c o re- 

ains practically unchanged. The a o shrinkage can be attributed 

o the diffusion of Cr out of the w-AlCrN lattice, as discussed 

n Ref. [61] . Interestingly, during the holding segment, the slope 

 a o (T ) /∂ T gradually decreases, which represents a reduction of 

he Cr segregation out of the lattice due to missing driving force 

or the further decomposition ( Fig. 9 c). Contrary, it can be seen, 

hat the c -axis of the hexagonal lattice follows the applied tem- 

erature profile and no significant changes during the heat treat- 

ent could be detected. Following, it can be assumed that Cr 

as mainly dissolved within the basal planes of the wurtzite 

rystallites [61] . 

Additionally, the diffraction data were used to evaluate the 

emperature dependence of in-plane residual stresses in the film 
11 
y analysing an ellipticity of w-AlCrN 110 reflection. In the as- 

eposited state, the residual stress was –5.1 ± 0.1 GPa. Upon heat- 

ng up in the temperature range of 25–475 °C, the compressive 

esidual stress stayed nearly constant due to the slight difference 

n coefficients of thermal expansion (CTEs) of w-AlCrN and the 

ubstrate ( Fig. 9 d) [ 21 , 62 ]. Above the deposition temperature, how-

ver, residual stress gradually relaxed reaching a magnitude of - 

.9 ± 0.1 GPa at 1100 °C, due to microstructure recovery and de- 

ect annihilation [11] , represented also by the complementary full 

idth at half maximum (FWHM) changes in Fig. 10 . During the 

ooling down, the compressive residual stress again slightly in- 

reases to -1.1 ± 0.1 GPa, once more due to the CTEs mismatch. It 

hould be noted that the compressive residual stress with typical 

ntrinsic and extrinsic stress contributions is not expected to sig- 

ificantly influence fracture properties of the free-standing micro- 

antilevers analyzed further in Section 3.2 ( cf . also Figs. 2 , 3 ). 

Additionally, the FWHM evolution of w-AlCrN 100 reflections 

as evaluated for in-plane and out-of-plane diffraction vector ori- 

ntations. Generally, FWHM of XRD peaks correlates with the size 

f coherently diffracting domains as well as with the density of 

tructural defects such as dislocations and lattice distortions, rep- 

esented by strains of 2 nd and 3 rd order [63] . Since the w-AlCrN 

rystallites exhibited columnar grain morphology ( cf . Figs. 1 , 5 , 6 ),

hich did not change significantly during the thermal treatment, 

t can be assumed that the FWHM changes can be primarily at- 
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Fig. 9. Results from in situ high-temperature high-energy grazing incidence diffraction analysis on the Al 0.9 Cr 0.1 N thin film. The applied temperature cycle (a), the wide- 

angle X-ray diffraction phase plot showing wurtzite AlN thin film phase and WC-substrate (b), the in-plane residual stress and strain evolution (c) and the evolution of a 0 
and c 0 lattice parameter (d) are presented. The dashed and dotted lines indicate the deposition temperature of 475 °C and the beginning and end of the holding segment, 

respectively. 
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ributed to the variation of structural defect density and precip- 

tate formation. The FWHM results in Fig. 10 indicate a colum- 

ar grained microstructure, which is reflected by relatively small 

nd large FWHMs ( i.e . large and small sizes of coherently diffract- 

ng domains) in out-of-plane and in-plane diffraction vector ori- 

ntations, respectively, in the as-deposited film. Up to the deposi- 

ion temperature of 475 °C, both FWHMs decrease only slightly due 

o the insufficient driving force for a diffusion-driven defect an- 

ihilation. After passing the deposition temperature, however, the 

ut-of-plane FWHM increases significantly due to the Cr segrega- 

ion at the (formerly Cr-enriched) sublayers’ interfaces within the 

olumnar grains, which results in the generation of strain fields 

nd probably also in the deterioration of the coherency of the out- 

f-plane diffracting crystallites. The further heating up results in 

he Cr agglomeration and the formation of c-Cr(Al)N precipitates 

 Fig. 6 b), for which the temperature threshold however cannot be 

xactly determined. Further temperature increase results in the an- 

ihilation of growth defects, originating from the deposition pro- 

ess, and the out-of-plane FWHM starts to decrease at the temper- 

ture of ∼900 °C [11] , in agreement with the residual stress data 

rom Fig. 9 d. In the case of in-plane FWHM, only the latter ef- 

ect is relevant for its thermal behavior. The small difference in 

he out-of-plane and in-plane FHWMs after the temperature cycles 

an be attributed to the incoherent precipitates within the colum- 

ar grains, which limit the size of coherently diffracting domains 

n the out-of-plane direction. 

.6. DFT analysis of interfacial strength and toughness 

Ab initio DFT calculations were applied to analyse trends in 

racture behavior of various phases and interfaces being present 

n the as-deposited and annealed films. It needs to be stressed 

hat the below presented predictions are not to be directly cor- 

elated with experimental values but are merely intended to re- 

eal trends in fracture behavior. Despite the simplicity of Eq. (6 ) 
12 
nd related calculational approximations, this approach has been 

roven to be useful for quantifying fracture toughness trends in 

ard nitride thin films [ 7 , 64 , 65 ]. In the as-deposited state, the

icrostructure is dominated by w-AlCrN grains and the grain 

oundaries are predominantly oriented parallel to {0 0 01}. Con- 

idering the experimentally determined chemical composition in 

ections 3.1 , 3.3 and 3.4 , the fracture toughness is approximated 

ith that of w-AlN. The calculations for (0 0 01) fracture surface 

ielded values of 5.5 J/m 

2 and 1.9 MPa m 

½ for the surface energy 

(10 0 0) and fracture toughness K IC,(0 0 01) , respectively, employing di- 

ectional Young’s modulus based on calculated elastic constants 

 E [0 0 01] = 320 GPa [66] ) for the latter. This fracture toughness value

s in excellent agreement with K IC = 1.9 MPa m 

½ obtained using ex- 

licitly calculated surface energy ( γ (0 0 01) = 5.8 J/m 

2 [67] ) as well 

s in reasonable agreement with the prediction by Koutná et al . 

 IC = 2.3 MPa m 

½ [68] . It is noted that different orientations of frac-

ure planes result in even lower values: K IC, (1-100) = 1.2 MPa m 

½

nd K IC, (11-20) = 1.6 MPa m 

½ and surfaces energies γ (1-100) = 2.3 J/m 

2 

nd γ (11-20) = 3.75 J/m 

2 . In a following step, the c-Cr(Al)N precip- 

tates are considered. EDS ( Fig. 4 ) and APT ( Fig. 8 ) suggest that

heir composition varies between c-Cr 0.5 Al 0.5 N and c-CrN. Recently 

ublished data on c-CrN and c-AlN [65] reveal that K IC increases 

rom 1.3 MPa m 

½ (c-AlN) and 1.6 MPa m 

½ (c-CrN) for (100) surfaces 

o 2.7 MPa m 

½ (c-AlN) and 2.5 MPa m 

½ (c-CrN) for (110) fracture 

lanes. Using surface energy and directional Young’s modulus from 

he literature suggests even higher K IC values for the (111)-oriented 

-AlN [ 67 , 69 ]. Therefore, when the hexagonal (0 0 01) and corre-

ponding cubic (111) fracture surfaces are compared, a higher frac- 

ure toughness is predicted for the c-Cr(Al)N phase than the orig- 

nal w-AlCrN. Thereby we propose that the appearance of the Cr- 

ich cubic phase after the annealing is not detrimental to the frac- 

ure behavior. For clarification, all data presented in this section 

re summarized in Suppl. Table 2. 

Finally, focus is drawn on the fracture toughness of the newly 

reated w-AlCrN/c-Cr(Al)N interfaces. Bartosik et al . [70] have re- 
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Fig. 10. Temperature evolution of in-plane and out-of-plane FWHMs of the h-100 reflection for in-plane and out-of-plane diffraction vector orientation, respectively. The in- 

serts show schematically the microstructural changes relevant for the out-of-plane FWHM evolution, namely Cr segregation (A) at the sublayer interfaces and the subsequent 

formation of precipitates (B) during the heat treatment, in agreement with the TEM data from Figs. 4–6 . The stepwise FWHM decrease in the range of 90 0-110 0 °C (for both 

diffraction vector orientations) is related to microstructure recovery and defect annihilation. 
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orted on an epitaxial relationship in the case of the AlN-CrN 

nterface [70] , namely w-AlCrN(0 0 01)[11-20]||c-Cr(Al)N(111)[011]. 

n the basis of this epitaxial relationship, interface surface 

nergies of 3.9 and 2.7 J/m 

2 were calculated for w-AlN/c-AlN 

nd w-AlN/c-CrN interfaces. Apparently, the range of γ val- 

es for such interface is larger than the minimum surface en- 

rgy of w-AlN ( γ ( 1-100) = 2.3 J/m 

2 ) and therefore is again not ex-

ected to be a limiting factor of the fracture strength after the 

nnealing. 

Since the c-Cr(Al)N particles precipitate (also) at the grain 

oundaries, the crack propagating along such decorated grain 

oundary and eventually hitting the cubic precipitate will choose 

o continue along the path corresponding to the lowest cleavage 

nergy. From the above analysis this is through w-AlCrN grains, 

ence yielding to trans-granular fracture. When such particles 

re not present in the as-deposited state, the crack is expected 

o propagate along the grain boundaries, thus leading to inter- 

ranular fracture. Based on those qualitative arguments we there- 

ore propose that the observed increase in the film’s toughness, 

epresented by the slight increase in fracture toughness and the 

ecrease of the critical flaw size, is primarily caused by the precip- 

tation at the grain-boundaries. The formed precipitates (c-Cr(Al)N) 
A

13 
re tougher than the matrix phase (w-AlCrN) and form tough inter- 

aces to the matrix via a well-defined epitaxial relationship. Since 

here is common agreement also in the experimental data [ 51 , 59 ],

hat the c-Cr(Al)N phase is harder and stiffer compared to the w- 

lCrN phase, this leaves only the weaker fracture path through the 

atrix grains. 

. Discussion 

.1. Film microstructure 

The initial w-Al 0.9 Cr 0.1 N film microstructure comprised grain 

oundaries between the columnar grains and Cr-enriched sublay- 

rs within the grains, which both represent trap sites for the seg- 

egation of Cr and the subsequent formation of c-Cr(Al)N precip- 

tates ( Figs. 1 , 4–6 ). Generally, the chemical variations along the 

ross-section without interrupting the growth of columnar grains 

s a typical feature of films deposited by cathodic arc evaporation. 

he cross-sectional variation of the Cr content can be explained by 

 combination of (i) the angular anisotropic evaporation kinetics of 

l and Cr and (ii) the rotation of the substrate carousel within the 
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eposition chamber, as found for TiSiC, TiSiCN, TiAlON and TiAlN 

hin films [43–48] . These lead to a periodical excitation of the 

r content to ∼16% at the metal sublattice ( cf . Figs. 4 a,c and 7 ),

ubstantially closer to the formation of the c-Cr(Al)N phase com- 

ared to the matrix ( cf . Table 1 ), with a cross-sectional periodic-

ty of ∼34 nm ( Figs. 5 and 7 ). These periodic chemical fluctuations 

mbedded in the columnar grains result in short diffusion paths 

or segregation and represent thus a reservoir for the precipitation 

uring the heat treatment. 

Upon the annealing, the overall columnar-grained morphology 

f the film did not change, as can be seen by SEM and TEM mi-

rographs ( Figs. 1 , 4–6 ). However, in detail, the formation of c-

r(Al)N and c-CrN precipitates at the intracrystalline (formerly Cr- 

nriched) sublayers’ interfaces as well as at the columnar grain 

oundaries took place during the heat treatment. No pores formed 

uring the heat treatment were found, in contrast to the TiN pre- 

ented in Ref. [10] . The c-Cr(Al)N precipitates at the sublayers’ in- 

erfaces (and therefore in the grain interior) are smaller compared 

o the c-CrN precipitates at the grain boundaries. Both the differ- 

nces in the composition and the size can be attributed to the 

imited diffusion within the grains ( i.e . bulk diffusion is slower 

ompared to grain boundary diffusion [71] ). While the formation 

f a secondary c-ZrN phase at the grain boundary of w-ZrAlN 

as already reported in literature [15] , the formation of the in- 

erently metastable c-Cr(Al)N within the grains is unprecedented. 

 somewhat similar grain interior was up to now only reported 

rom decomposed lamellar CVD TiAlN thin films [ 72 , 73 ], where 

-TiN grains were embedded in a w-AlN matrix, however, c-TiN 

s a stable decomposition product of TiAlN. Long-term annealing 

f plasma-sprayed thermal barrier coatings leads to inter-column 

onding, so called sintering, and consequently increased Young’s 

odulus and fracture strength [74–77] . Although sintering is per- 

ormed in a similar temperature range (110 0 °C–140 0 °C) compared 

ith the heat treatment presented in this work, the time ranges 

5-500h) are at least two orders of magnitude higher [74–77] . 

urthermore, a significant porosity is a prerequisite for sintering 

74–77] , concurring with the microstructure of the here investi- 

ated film ( Fig. 1 a,c, Suppl. Fig. 1a). Additionally, the consumption 

f the pores during sintering leads furthermore to a shrinkage, 

hereas the here presented film’s thickness after annealing re- 

ains constant ( Fig. 1 , Suppl. Fig. 1). Therefore, one can conclude, 

hat the concomitant increase of Young’s modulus, fracture stress 

nd fracture toughness presented in Section 3.2 and discussed in 

ection 4.3 . can be attributed to the intra- and intercolumnar pre- 

ipitation confirmed by SEM ( Fig. 1 ), TEM ( Figs. 4 and 6 ) and APT

 Fig. 8 ). 

.2. High-temperature behavior of w-AlCrN films 

Contrary to the c-Cr(Al)N with Al content of less than ∼70%, 

hich was studied extensively in the past [51] , only little atten- 

ion was drawn to the high-temperature behavior of w-Al 0.9 Cr 0.1 N. 

his wurtzite phase is in general considered as non-desirable in 

etastable transition metal nitrides due to its rather poor me- 

hanical properties compared to c-Cr(Al)N or c-TiAlN [ 51 , 78 ], de- 

pite its superior thermal stability and oxidation resistance [ 22 , 79 ]. 

he reported decomposition pathway of w-AlCrN includes in gen- 

ral the formation of c-CrN precipitates and the decomposition 

f c-CrN into h-Cr 2 N and Cr when reaching temperatures above 

50, 1250 and 1300 °C, respectively [80] . Given the results from 

igs. 1 , and 4–8 , this decomposition pathway has to be amended 

or arc-evaporated thin films and the formation of c-Cr(Al)N within 

he grain interior has to be added. The evolution of crystalline 

hases in the HE-HT-GIT XRD phase plot ( Fig. 9 ) shows no pro-

ounced phase changes in the temperature range of 25-1100 °C, 

owever the absence of the c-CrN-related signal is related to the 
14 
xperimental conditions depicted in Sections 2 and 3 . These find- 

ngs are also confirmed by the films’ cross-sections before and af- 

er the heat-treatment shown in Fig. 1 , where only nanoscopic 

hanges in the microstructure after the annealing could be 

etected. 

Generally, the texture of w-AlCrN thin films is usually very sen- 

itive to the applied bias voltage, where changes in the typical 

ange of 0 to -150 V lead to a switching from a 〈 002 〉 to a mix-

ure of 〈 100 〉 and 〈 110 〉 fibre textures [ 55 , 56 , 81 ], respectively. The

atter is consistent with the present results and furthermore did 

ot change during the heat-treatment ( cf . Suppl. Fig. 5). 

Simultaneously, with the increasing bias voltage, the AlN lat- 

ice constant a increases [ 82 , 83 ], while c 0 remains rather unaf- 

ected. This behavior is even more pronounced by the addition of 

r, which is mainly incorporated in the crystallites’ basal planes, 

hus further increasing the a -axis length [61] . Consequently, in the 

rystallites with 〈 100 〉 and 〈 110 〉 fibre textures, the {001} planes 

re oriented perpendicular to the interfaces between the sublay- 

rs and consequently the Cr diffusion proceeds along the crys- 

allites’ a -axes. Altogether, up to this point, the high-temperature 

volution of the w-AlCrN film is in agreement to prior reported 

esults [ 61 , 80 ], but gives new insights into the distribution of Cr

n the wurtzite crystal structure and diffusion of Cr out of the 

attice. 

A significant insight into the microstructural changes within the 

olumnar grains was obtained from the FWHM analysis presented 

n Fig. 10 , which will be discussed only qualitatively. For the in- 

lane orientation of the diffraction vectors, the steep decrease in 

he FWHM of the w-AlCrN 100 reflections can be related to the 

icrostructure recovery and the annihilation of the defects during 

nnealing above the deposition temperature of 475 °C. Other pa- 

ameters like the in-plane width of the columnar grains did not 

hange during annealing ( cf . Figs. 1 , 4–6 ) and furthermore the c-

r(Al)N precipitates grew mainly at the columnar grain boundaries 

nd the sublayers’ interfaces oriented parallel to the in-plane di- 

ection. Contrary, the FWHM of the w-AlCrN 100 reflections eval- 

ated for the out-of-plane diffraction vector orientation is domi- 

ated (i) by the changes in the defect density above 475 °C (like 

or the in-plane orientation) and (ii) by the c-Cr(Al)N precipitate 

ormation along the interfaces between the sublayers, which natu- 

ally reduce the size of the coherently diffracting domains. Above 

he deposition temperature, the out-of-plane FWHM increased up 

o a temperature of 950 °C, contrary to the ongoing defect annihi- 

ation found for the in-plane orientation ( Fig. 10 ). This effect can 

e related to the Cr segregation along the interfaces of the sublay- 

rs and the formation of incoherent interfaces. Up to ∼950 °C the 

r content along the layer boundaries gradually increases, which 

esults in the formation of a segregated layer of presumably coher- 

nt c-CrN. Above 950 up to 1100 °C, the defect annihilation became 

ominant and resulted in the stepwise decrease of the out-of-plane 

WHM. 

No significant recovery or precipitate formation took place be- 

ow the deposition temperature of 475 °C, which indicates insuf- 

cient driving force delivered to the system at low tempera- 

ures to activate diffusion-driven processes. The decrease of the 

n-plane and out-of-plane FWHMs above the deposition temper- 

ture and ∼800 °C, respectively, can be nicely correlated with the 

ompressive residual stress relaxation ( Fig. 9 d) from ∼-5.1 ± 0.1 

o -0.9 ± 0.1 GPa caused by the microstructure recovery. The on- 

oing defect annihilation during the holding segment is also re- 

ected by the further (nearly exponential) decrease of the in-plane 

WHM ( Fig. 10 ) and in-plane residual stress ( Fig. 9 d). During cool-

ng down, no further changes in FWHM were observed, reflecting 

 rather constant defect density, whereas the residual stress gradu- 

lly increased as a consequence of CTE mismatch between the sub- 

trate and the film [21] . 
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.3. Changes in fracture behavior 

Nanocrystalline ceramic thin films preferentially fracture in a 

rittle manner usually along columnar grain boundaries of low co- 

esive energy. Beside the known textbook phenomena for macro- 

copic ceramics, such as crack tip shielding and crack-wake bridg- 

ng [32] , there are several strategies based on state-of-the art thin 

lm technology to overcome the detrimental brittle fracture at 

rain boundaries of low cohesive energy. Typically, alloying of the 

hin films was designed to improve stiffness and strength of the 

atrix, and segregation of secondary phases and decomposition of 

he matrix should be retarded to as high temperatures as possi- 

le [ 21 , 56 ]. Additionally, multi-layered thin films were designed to 

ecelerate the propagating crack and improve fracture toughness 

 5 , 6 ]. Similar, sculptured thin films were designed to increase frac- 

ure toughness [ 2 , 84 ]. Therefore, most approaches focussed on the 

ncrease of the number of interfaces along the expected crack path, 

hich results in an increased number of crack deflection events, in 

nergy dissipation and finally in the improvement of mechanical 

roperties, cf. for example [ 5 , 6 , 85 , 86 ]. 

On the other hand, up to now, there is no study, which would 

how a possibility to purposefully alter grain boundaries of TMN 

hin films to prevent fracture along the columnar grain bound- 

ries of low cohesive energy. However, in bulk metallic alloys, grain 

oundary segregation of secondary elements is frequently used to 

nhance fracture resistance. Best examples are high-Mn containing 

teels [ 17 , 87 , 88 ], Al-alloys [89] or B-doped Mo [18–20] , a concept

hich was here transferred to w-AlCrN based thin films. 

In the present work, the measured increase in the film’s fracture 

tress of 65% from 3.2 to 5.1 GPa ( cf . Table 3 ) via grain boundary

egregation engineering is not completely reflected by the hard- 

ess increase of 33% from 18.3 to 24.3 GPa ( cf . Table 2 ), which can

e associated with a relatively high equibiaxial residual stress state 

f ∼-5.1 ± 0.1 GPa in the as-deposited film ( cf . Fig. 9 d). When ac-

ounting for the change in the residual stress state from -5.1 ± 0.1 

o -1.1 ± 0.1 GPa after the annealing in the respective films, it can 

e recognized that the increase in the film’s hardness of ∼76% 

from ∼13 to ∼23 GPa) is coincidently comparable to the observed 

hange in the fracture stress of 65% revealed by the microcan- 

ilever bending tests ( cf . Tables 2 and 3 ). Comparable microme- 

hanical studies on annealed TMN thin films indicate usually a 

eterioration of the mechanical properties after annealing. Exem- 

lary, for PVD CrN [9] , an as-deposited fracture stress of ∼5.9 GPa 

as measured, which after the annealing to 500 °C was reduced to 

4.4 GPa due to defect annihilation at the grain boundaries, which 

egatively affected the cohesive strength. Similar, mechanical prop- 

rties of TiN based deteriorate already at annealing temperatures 

f ∼500 °C [10] , similar to CrN [9] . 

The measured fracture toughness of 2.7 MPa m 

½ ( Table 3 ) 

f the w-AlCrN film in as-deposited state is not exceptional, 

et significantly exceeds for example reported values for TiN 

1.2 MPa m 

½) [5] , modulus-matched cubic Al 0.6 Cr 0.4 N/TiN su- 

erlattices (2.5 MPa m 

½) [90] , TaC (1.8 MPa m 

½) [91] or HfCN

 < 2.3 MPa m 

½) [92] . All these studies on TMN films indicate an in-

ergranular fracture and this appears to be the case also for the 

uperlattice TiN/WN (4.7 MPa m 

½) and Cr/CrN (5.0 MPa m 

½) multi- 

ayer films ( in the as-deposited state ) with highest reported frac- 

ure toughness values in the field of PVD TMN films [ 5 , 7 ]. Con-

rary to advanced multi-scale interface design of PVD films, where 

igher fracture toughness is achieved by elastic interlayers inter- 

upting the stiff matrix [8] , in this study strengthening is achieved 

y hard precipitates blocking the fracture path at the grain bound- 

ries and forcing crack growth in the w-Al(Cr)N matrix. Similarly 

o the fracture strength discussed above, the comparative stud- 

es on the fracture toughness of CrN [9] (3.8 MPa m 

½) and TiN

10] (2.9 MPa m 

½) in as-deposited state exceed fracture toughness 
15 
f the here presented w-AlCrN (2.7 MPa m 

½), cf. Table 3 . Yet af-

er an annealing to 500 °C the fracture toughness of comparative 

rN and TiN decreases to 3.05 and 2.5 MPa m 

½ ( cf . Refs. [9] and

10] ), respectively, while grain boundary segregation in the present 

-AlCrN at 1100 °C leads to an increase of fracture toughness to 

.0 MPa m 

½. For both CrN [9] and TiN [10] , the deterioration of

racture toughness after the annealing was attributed to defect an- 

ihilation at the grain boundaries, additionally, for TiN the forma- 

ion of pores at the grain boundaries was detected. In the case of 

etastable TiAlN, which showed a pronounced hardening by an 

nnealing [78] , the fracture toughness increased from 2.7 in as- 

eposited state to 3.0 MPa m 

½ and after the annealing at 900 °C, 

ollowed by a decrease to 2.7 MPa m 

½ due to the formation of the 

econdary w-Al(Ti)N, when increasing the annealing temperature 

o 10 0 0 °C [4] , all without changing the fracture mode of the can-

ilevers. 

Beside the fact, that the application of the Griffith crack cri- 

erion ( Eq. (6 )) is only valid in continuum mechanics [32] , it can

e helpful in the interpretation of the fracture toughness increase. 

iven an ideal dense-free continuum solid, the fracture toughness 

s proportional to the square root of the Young’s modulus ( K IC ∝ 

 

E ), an increase of the experimentally determined modulus by 

31–47% ( cf . Table 3 ) is expected to result in the increase of frac-

ure toughness by 14–21%, while experimentally only an increase 

f 10–11% was evaluated. Consequently, this mismatch could be in- 

erpreted by changes in the surface energy ( cf. Eq. (6 )), possibly 

elated to the change from inter- to transcrystalline fracture after 

nnealing and a diminished cantilevers fracture surface roughness 

s indicated by Fig. 3 . Additionally, the actual change of fracture 

oughness may be hidden in the relatively high experimental scat- 

er, which may be reduced by the application of neural networks 

 93 , 94 ] in future works. In summary, by applying the dedicated an-

ealing treatment, it was possible to improve the Young’s modulus 

f the metastable nanoceramic w-AlCrN thin film by ∼31–47%, the 

racture stress by 37–59% and simultaneously K IC by 10–11%. Fi- 

ally, it can be expected, that the results obtained in this study 

ill trigger a development of novel nanocrystalline ceramics thin 

lms with high hardness and toughness based on precipitation- 

ased grain boundary design. 

. Conclusions 

Carefully adjusted thermal processing of arc-evaporated thin 

lms resulted into precipitate formation and concomitant strength- 

ning of both the grain interior and grain boundaries of a w- 

l 0.9 Cr 0.1 N thin film. The precipitations could be identified as glob- 

lar c-Cr(Al)N and elongated c-CrN within the grains and at the 

rain boundaries with sizes ranging to ∼< 10 and ∼25 nm, re- 

pectively. Once the precipitates formed the fracture morphol- 

gy from inter-columnar to trans-columnar fracture, accompanied 

y a simultaneous increase of Young’s modulus, fracture strength 

nd fracture toughness from 212 ± 18 to 311 ± 18 GPa, 3.2 ± 0.4 

o 5.1 ± 0.4 GPa and 2.7 ± 0.3 to 3.0 ± 0.2 MPa m 

½, respectively.

hese trends were qualitatively confirmed by ab initio based ten- 

ile strength calculations. The here reported experimental and 

heoretical data uncovers the previously overlooked potential of 

recipitation-based grain boundary design for transition metal ni- 

ride thin films with improved mechanical behavior. In general, the 

resent work introduces a precipitation-based grain boundary de- 

ign as an effective design guideline to alter usually observed inter- 

ranular fracture of brittle nanocrystalline thin films. The precipi- 

ation of elongated c-CrN precipitates at at columnar grain bound- 

ries is used as a novel strategy to improve the mechanical prop- 

rties of the grain boundaries and to initiate transgranular crack 

rowth across the loaded films, which in turn result in the en- 

anced overall mechanical properties. 
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