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a b s t r a c t 

Through superlattice (SL) architectures, the hardness as well as the fracture toughness of ceramic thin 

films can be enhanced. The hardness-related SL effect is reasonably well understood, however, the mech- 

anisms driving the toughness-enhancing effect are still partially unexplored. To isolate the effect of the 

lattice mismatch from the elastic moduli mismatch on the toughness-related properties, we designed 

TiN/Cr 0.37 Al 0.63 N superlattices, in which the involved layers have effectively identical elastic moduli, but 

sizeably different lattice parameters. 

Micromechanical bending tests show an enhanced fracture toughness K IC of the SLs (2.5 ±0.1 MPa 
√ 

m) 

compared with monolithic TiN (2.0 ±0.1 MPa 
√ 

m) and Cr 0.37 Al 0.63 N (1.3 ±0.1 MPa 
√ 

m) with only a weak bi- 

layer period ( �) dependence. Superimposing an analytical model based on continuum mechanics on the 

experimental data, we demonstrate that, at low �, the nanolayers within the SL exhibit strong coherency 

strains, as misfit dislocation formation is energetically unfavourable. With increasing layer thicknesses, 

misfit dislocations start to form in the two layer materials – first in Cr 0.37 Al 0.63 N and slightly �-shifted 

in TiN. The associated evolution of coherency strains in the TiN and Cr 0.37 Al 0.63 N layers causes the ob- 

served bilayer-period-dependent toughness enhancement beyond the constituent materials. Supporting 

structural, morphological, chemical, and mechanical analyses are provided by X-ray diffraction, electron 

microscopy techniques, and nanoindentation. 

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Transition metal nitride (TMN) thin films are known to perform 

xcellently in terms of thermal, mechanical, and chemical resis- 

ance [1–5] . However, they are commonly plagued by a critically 

ow intrinsic fracture toughness. As a consequence of their high 

ardness, crack formation is a difficult process on pristine surfaces 

f TMNs. Propagation of a pre-existing crack through such a ma- 

erial, however, can be fatally easy. This might render the frac- 

ure toughness of TMNs a particularly pressing topic, nevertheless, 

tudies on the matter are much less abundant than for other –

ore established – characteristics. The small number of reports on 

his topic can be explained by the fact that reliable testing meth- 

ds for toughness-related properties of ceramic thin films on the 

icroscale have only become available recently. Developments of 

icromechanical testing methods such as pillar splitting [6] , and 
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antilever bending tests [7–9] , but also more sophisticated syner- 

ies between ab-initio calculations and experiments [10] , have fa- 

ilitated research, focusing on different approaches to alleviate this 

ritical weakness of TMNs. These studies report phase transforma- 

ions [11,12] , grain boundary strengthening [13,14] , a tilted grain 

oundary design [15] , alloying and/or vacancy modifications on ei- 

her sublattice [16–22] , as well as complex nanoscaled architec- 

ures [23–28] as possible toughening mechanisms. A particularly 

romising strategy has been uncovered relatively recently, with the 

eport of the toughness-enhancing superlattice (SL) effect on poly- 

rystalline [25,29] and single-crystal SL thin films [30] . In these 

tudies, TiN and CrN [25,29] , as well as TiN and WN x [30] , were

ombined in a superlattice architecture – a nanolayered architec- 

ure, in which the constituent materials are compositionally differ- 

nt, but structurally similar (as coherent growth is a central aspect 

f such a structure). As a result, simultaneous hardness and tough- 

ess enhancement was observed. 

The superlattice arrangement has been known to provide ben- 

ficial effects for TMN thin film since at least the 1980s and the 

https://doi.org/10.1016/j.actamat.2020.10.068
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.10.068&domain=pdf
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tudy of Helmersson et al. [31] , showing that the hardness of 

iN/VN SLs significantly exceeds that of their monolithic building 

locks. Their results also showed a very strong dependence on the 

ilayer period ( �) – the cumulative thickness of two adjacent lay- 

rs in a superlattice. Building upon these initial findings, Mirkarimi 

t al. [32] , and Chu and Barnett [33] further ascertained the un- 

erlying mechanisms of the effect. The model of Chu and Barnett 

33] is based on dislocation glide within individual layers, and dis- 

ocation glide across interfaces. The resistance of a TMN SL against 

islocation glide within the layers increases with decreasing bi- 

ayer period, whereas glide across interfaces becomes easier, caus- 

ng the characteristic hardness peak with changing bilayer period 

33] . The difference in shear modulus between the individual lay- 

rs of a TMN SL consequently constitutes a key factor shaping the 

xtent of the hardness enhancement. Apart from its direct benefit 

or the mechanical properties of TMN thin films, the SL architec- 

ure also provides other useful effects, for instance, the stabilisa- 

ion of metastable phases with exceptional properties [34–38] , as 

ell as superior tribological properties [39–43] . 

Contrary to the origin of the hardness-related SL effect, the 

echanisms governing the toughness-enhancing effect, are yet to 

e fully explored. Previous studies have provided strong evidence 

or its existence [25,30] , and have highlighted the importance of 

n elastic mismatch between the constituents of the superlat- 

ice for the occurrence of a pronounced – strongly bilayer-period- 

ependent – toughness enhancement [30] . However, the studies 

25,30] have noted that the toughness enhancement can not be ex- 

lained solely by elastic differences, and that structural differences 

i.e. primarily the lattice mismatch between the layers) may play a 

entral role [25] . 

Here, we developed TiN/Cr 0.37 Al 0.63 N SL thin films, composed 

f layers with effectively identical elastic moduli. This allows for 

solation of the effect of the lattice mismatch between the SL lay- 

rs on the toughness enhancement. Using continuum mechanics 

CM), we quantified this effect by calculating the evolution of co- 

erency strains and misfit dislocations with changing bilayer pe- 

iod, from which the fracture toughness of our TiN/Cr 0.37 Al 0.63 N 

Ls was derived. Based on the excellent agreement of the modelled 

nd experimentally measured (using in-situ single cantilever bend- 

ng tests) fracture toughness values, as well as the validation of our 

odelled misfit dislocation evolution via, e.g., transmission elec- 

ron microscopy, we highlight the importance of the lattice mis- 

atch for the toughness enhancement in TMN superlattices. How- 

ver, our results also indicate that the elastic mismatch is crucial 

or obtaining a strong bilayer period dependence. 

. Methodology 

.1. Experimental 

We synthesised six TiN/Cr 0.37 Al 0.63 N SL thin films with different 

ilayer periods (2.5, 4.0, 7.3, 8.0, 14.0, and 22.0 nm) and mono- 

ithic TiN and Cr 0.37 Al 0.63 N by unbalanced DC reactive magnetron 

puttering using an AJA International Orion 5 magnetron sputter- 

ng deposition system. We used a 3” Ti target, a 2” Al 0.6 Cr 0.4 , and 

 2” Al 0.7 Cr 0.3 target. The computer-controlled shutter system en- 

bled the growth of the superlattice architecture – aiming for TiN 

nd Cr 0.37 Al 0.63 N layers of equal thickness. The thin films were de- 

osited on Si (100) and MgO (100) substrates, which were ultra- 

onically cleaned first in acetone and subsequently in ethanol for 

 min each, before being placed in the rotary substrate holder of 

he system. The chamber was evacuated to a base pressure of ap- 

roximately 10 -4 Pa, followed by thermal purging at 500 °C for 20 

in. The Si and MgO substrates were Ar-ion-etched at a pressure 

f 6 Pa, and a DC potential of -750 V. All coatings were prepared in

 mixed Ar/N atmosphere (with a flow rate ratio of 5.5 sccm/4.5 
2 

377 
ccm) at a pressure of 0.4 Pa, and a temperature of 500 °C, while 

perating the Ti target with 400 W and the Al 0.6 Cr 0.4 and Al 0.7 Cr 0.3 

argets with 175 W. The monolithic (Cr,Al)N, and the (Cr,Al)N lay- 

rs within the SLs were thus co-sputtered from the two Al x Cr 1-x 

argets. A DC bias potential of -50 V was applied to the substrates 

uring deposition. 

X-ray diffraction (XRD) in Bragg-Brentano setup, featuring Cu 

 α radiation, was performed to structurally analyse the deposited 

lms. Their thickness and morphology were studied on fracture 

ross-sections using an FEI Quanta 250 FEG (a field emission gun 

canning electron microscope – FEGSEM). Employing the attached 

DAX Octane Elite EDS (energy-dispersive X-ray spectroscopy) sys- 

em, the chemical composition of the coatings was obtained. All 

DS measurements were carried out with an acceleration voltage 

f 20 kV and a resolution of 128 eV. 

Our TiN/Cr 0.37 Al 0.63 N films were additionally investigated with 

egard to their microstructure and atomic structure using a JEM 

EOL 2100F transmission electron microscope (TEM), operated with 

00 kV, and equipped with an image-side spherical aberration 

orrector. The microscope was operated at a voltage of 200 kV. 

he cross-sectional TEM samples were prepared using a standard 

ample preparation approach, including grinding, polishing, dim- 

ling, and ion-milling procedures. Scanning TEM (STEM) images 

ere recorded using a high-angle annular dark-field (HAADF) de- 

ector with the detector inner angle/outer angle set to be 54 

rad/144 mrad. 

Indentation hardness (H) and modulus (E) of our films were de- 

ermined by nanoindentation [44–48] , using a Fischer-Cripps Lab- 

ratories ultra-microindentation system (UMIS) – equipped with a 

erkovich indenter The presented indentation moduli are extrap- 

lated values at a theoretical indentation depth of zero, follow- 

ng the procedure of [48] , and the hardness was obtained from 

he depth-independent section of the hardness-depth plot of each 

ample, as described, for instance, in [46] . On each sample, 31 in- 

entations were performed with forces ranging from 3 mN to 45 

N, and indentation curves exceeding a depth of 10% of the coat- 

ng thickness were excluded from the evaluation. 

The fracture toughness of our films deposited on Si (100) was 

etermined by performing displacement-controlled bending tests 

n pre-notched single cantilevers of free-standing film material 

8,9,49] . We removed the Si substrate below the coating at the 

dge of the samples, by immersing them in a 30% KOH solution 

heated to 70 °C) for 2 h. The cantilevers were ion-milled with an 

EI Quanta 200 3D DFIB (a focussed ion beam – FIB – worksta- 

ion), equipped with a Ga ion source. The ion beam current was set 

o 1 nA for rough milling steps, and to 500 pA for final cuts. The

otches were cut with a current of 50 pA. For all FIB processes, 

e set the acceleration voltage to 30 kV, and targeted cantilever 

imensions of thickness w, breadth b ≈ w, and length l ≈ 7w. The 

ending tests were conducted with a PI85 PicoIndenter (Hysitron), 

ounted inside the FEGSEM, and equipped with a spherical dia- 

ond tip with a tip radius of 1 μm. We loaded the cantilevers un- 

il failure with a fixed displacement rate of 5 nm/s. The maximum 

orce at failure F f , the dimensions of the cantilevers, as well as the 

epth of the notch c 0 were all used to derive the fracture tough- 

ess in terms of the critical stress intensity K IC of the films. For 

his, Eqs. 1 and 2 , suggested by Matoy et al. [8] , were used, which

re methodologically related to the work of Di Maio and Roberts 

49] and optimised for our cantilever geometries. Limitations of 

he approach described in [49] for relatively short pentagonal can- 

ilevers have recently been noted by Athanasiou et al. [50] and Liu 

t al. [51] . 

 IC = 

F f l 

3 

/ 2 

f 

(
c 0 
w 

)
. (1) 
b w 
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Thereby, b is the breadth, l the length, and w the thickness of 

he cantilever. f(c 0 /w) stands for the following polynomial shape 

unction: 

f 

(
c 0 
w 

)
= 1 . 46 + 24 . 36 

(
c 0 
w 

)
− 47 . 21 

(
c 0 
w 

)2 

+ 75 . 18 

(
c 0 
w 

)3 

. (2)

The fracture energy G C was calculated for plane strain condi- 

ions using the following equation: 

 C = 

K 

2 
IC 

(
1 − ν2 

)
E 

. (3) 

While K IC and E values were taken from our experiments, the 

oisson’s ratio ν was extracted from DFT data of TiN [30] and 

Cr,Al)N [52] , applying the rule of mixture for the SLs. 

The deflection ( �x) of the cantilevers was normalised by calcu- 

ating the bending strain εb of the cantilevers using Eq. 4 , derived 

rom Euler-Bernoulli beam theory [53,54] . 

 b = 

3 

2 

�x ( w − c 0 ) 

l 2 
. (4) 

The morphology and dimensions of the resulting fracture sur- 

ace were also analysed using the FEGSEM. 

Lastly, experimental measurements are quoted in terms of their 

ample mean and standard error. For quantities derived from two 

r more independently measured properties (e.g. G C ), error propa- 

ation is employed to estimate the inaccuracy of the derived quan- 

ity. 

.2. Continuum mechanics 

We estimate the effect of the residual stress state in a SL - re-

ulting from the lattice mismatch of the constituting layers and 

he formation of misfit dislocations – on its crack growth resis- 

ance. The analytical procedure is presented in detail in [55] for 

he TiN/CrN system. Hence, we will discuss it only briefly in 

he following. Calculational details pertaining specifically to the 

iN/Cr 0.37 Al 0.63 N system of the present study are provided as sup- 

lementary material. 

The strain energy within the layers continuously increases dur- 

ng growth until a critical thickness is reached, at which misfit 

islocations form. Their mean distance is estimated – analogous 

o the concept of Frank and van der Merwe [56] – by minimis- 

ng the sum of the strain energy due to the mean strain in the 

ayer and the energy resulting from the local dislocation stress 

eld with respect to the dislocation density. Over the years, further 

oncepts for structural misfit accommodation have been proposed, 

.g. by Matthews and Blakeslee [57] . In our face-centred cubic (B1 

ock-salt-like, rs) layers, we consider a network of orthogonal edge 

ype dislocation arrays {with Burgers (b) and line (u) vectors of 

 1 = a/2[110] and u 1 = [1 ̄1 0] and b 2 = a/2[1 ̄1 0] and u 2 = [110]}

ithin their (001) interface plane. 

Herein, the line energy of a dislocation at the interface is esti- 

ated by averaging the shear modulus G and Poisson’s ratio ν of 

he adjacent layers and applying the formula for the line energy of 

 dislocation in an isotropic infinite medium, 

 

disloc 
l = 

G · b 2 

4 π( 1 − ν) 
ln 

(
h l 

r l 

)
+ U 

core 
l , (5) 

here h l represents the thickness of layer l and r l is the dislocation 

ore radius which we define to be equivalent to the magnitude of 

he Burgers vector. We consider the dislocation core energy U l 
core 

o be 1.5eV/ ̊A. 

A biaxial stress state in the (001)-plane is considered for evalu- 

ting the strain energy due to the partly relaxed misfit strain. With 
378 
he biaxial modulus M l [Eq. (6)] , we obtained the stress–strain re- 

ations of our layers for biaxial stresses in the (001)-plane. 

 l = C 11 ,l + C 12 ,l − 2 

C 2 
12 ,l 

C 11 ,l 

, (6) 

here C ij,l , using Voigt’s notation, are the elements of the stiffness 

ensor of layer l. For numerical values of C ij,l and M l see Supple- 

entary Table 1. C ij values of Cr 0.37 Al 0.63 N, TiN, and Si were taken 

rom [52,58] , and [59,60] , respectively. In the simplest version of 

he algorithms described in [55] , the substrate is considered in- 

nitely stiff, hence, no curvature is induced. 

The dislocation density Q l in layer l for a consecutive layer de- 

osition can be described after [55] as a recursive function, using: 

 l = 

∣∣a cl − ˆ a ( l−1 ) 

∣∣
ˆ a ( l−1 ) · b x 

− U 

disloc 
l 

· a 2 
cl 

M l · h cl · ˆ a 2 
( l−1 ) 

b 2 
xl 

, (7) 

ith 

ˆ 
 ( l−1 ) = a s ·

l−1 ∏ 

n =1 

( 

1 + 

∣∣a cn − ˆ a ( n −1 ) 

∣∣
a cn − ˆ a ( n −1 ) 

· b xn · Q n 

) 

(8) 

nd 

ˆ 
 0 = a s , (9) 

here a cl is the inherent lattice parameter (Supplementary Table 

) and âl the lattice parameter after deposition of layer l; a s is 

he lattice parameter of the substrate and b xl is the part of the 

urger’s vector parallel to the interface. (Please consider that any 

egative value resulting from Eq. 7 must be set to zero as there is 

o negative dislocation density). A more precise treatment of the 

islocation energy has only a minor influence on the qualitative 

ehaviour of dislocation formation with respect to the bilayer pe- 

iod [55] . The in-plane stresses σ l , due to the mean strain in the 

ayer, can then be directly determined by: 

l = M l ·
ˆ a l − a cl 

a cl 

. (10) 

Accumulating the piecewise constant stress distributions in 

he individual layers leads to the resulting residual stress profile 

res (z) (see Supplementary Fig. 1). 

The weight function theory, first proposed by Bueckner [61] and 

xpanded by Rice [62,63] , enables estimation of the stress intensity 

actor of an arbitrary stress distribution for a linear elastic plane 

roblem as a function of crack length c. From this, we obtain the 

tress intensity factor K res due to residual stresses: 

 res ( c ) = 

c 

∫ 
0 

h ( z, c ) σres ( z ) dz, (11) 

here h(z,a) is the so-called weight function and z the distance 

rom the surface. Issues related to the configurational stability of 

rack growth in general weight function theory have been ad- 

ressed, for instance, by Gao and Rice [64,65] . For an edge-cracked 

eam with arbitrary stress distribution normal to the crack path, 

ett [66] derived a weight function, suitable for our experimental 

et up. The fracture toughness of the system K sys as a function of 

rack length (see Supplementary Fig. 2) is then calculated by sub- 

racting K res from the inherent critical stress intensity of the layer 

 IC . 

 sys ( c ) = K IC ( c ) − K res ( c ) . (12) 

The alternating stress fields in a free-standing SL cantilever can 

ither increase (compressive region) or decrease (tensile region) 

he inherent fracture toughness of the corresponding layer. Consid- 

ring a configuration, where the layer material with a lower inher- 

nt fracture toughness is under tensile stress, as in the presented 
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Fig. 1. Al-dependent DFT-based polycrystalline Young’s modulus of (Cr,Al)N. The 

DFT-based polycrystalline Young’s modulus of TiN (452 GPa) crosses the linear fit 

at x = 0.61. 
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L system, a crack with its initial tip in a tensile stress region will

ndergo unstable crack growth until reaching the next compressive 

ayer, followed by stable crack growth until the next local fracture 

oughness maximum is reached. We define this local maximum as 

he system’s apparent fracture toughness, which we compare with 

he experimentally obtained fracture toughness values for different 

Ls. 

Lastly, the TiN/Cr 0.37 Al 0.63 N SL system of the present study fea- 

ures layer materials with effectively identical coefficients of ther- 

al expansion (CTEs) [67] within a temperature range from room 

emperature to 900 K. Thus, the CTE mismatch between the layers 

as neglected in the present model, as it influences neither the 

tress profile, nor the fracture toughness of TiN/Cr 0.37 Al 0.63 N in a 

easurable way. 

. Results and discussion 

.1. Chemistry 

Fig. 1 , which combines DFT-calculated polycrystalline Young’s 

oduli of (Cr,Al)N [52] and TiN [30] , shows that the values match 

or an Al content, x, of 0.61 in Cr 1-x Al x N. Therefore, we aimed for

his chemical composition by co-sputtering Al 0.6 Cr 0.4 and Al 0.7 Cr 0.3 

argets. EDS analysis of the (Cr,Al)N in our SLs yields values for x 

etween 0.62 and 0.63. The EDS investigation of the monolithically 

repared (Cr,Al)N film gives an x of 0.63. Therefore, we refer to the 

Cr,Al)N coating and the (Cr,Al)N layers of our SLs as Cr 0.37 Al 0.63 N, 

hich would be expected to have a Young’s modulus of roughly 

58 GPa, compared to the 452 GPa of TiN. The DFT-based poly- 

rystalline shear modulus G is 191 GPa for Cr 0.37 Al 0.63 N and 183 

Pa for TiN, with the corresponding Poisson ratios ν being 0.21 

nd 0.23, respectively. The consulted studies [30,52] calculated the 

hear and bulk (B) moduli directly from the respective elastic con- 

tants, from which we derived the remaining elastic quantities (e.g. 

 and ν). Although the DFT-based polycrystalline elastic moduli of 

iN and Cr 0.37 Al 0.63 N match, their directional elastic moduli dif- 

er, due to differences in the elastic constants C ij of TiN [30] and 

r 0.37 Al 0.63 N [52] . Since explanations of the hardness-related su- 

erlattice effect in TMNs refer to shear moduli differences [33] , and 

oughness-related trends in nanolaminated structures commonly 

efer to Young’s moduli differences [68] of the involved layers, we 

egard these (E and G) as important quantities. 

The EDS-measured nitrogen concentrations in our coatings are 

5 % (Cr Al N), 59 % (TiN), and 56 ± 1 % (for all SLs). Based on
0.37 0.63 

379 
his analysis, the nitrogen content appears to be relatively constant 

cross all our samples. The values might suggest a small overstoi- 

hiometry of nitrogen in all our films, however EDS-based quantifi- 

ations of light elements (e.g. nitrogen) are known to be inaccurate 

69,70] . 

.2. Structure 

.2.1. X-ray diffraction 

The X-ray diffraction (XRD) patterns of the monolithically 

rown coatings, TiN and Cr 0.37 Al 0.63 N, on Si (100) substrates 

 Fig. 2 a), show a clear single-phased face-centred cubic (B1 rock- 

alt-like, rs) structure for both. For TiN, this is the stable equilib- 

ium structure. Face-centred cubic Cr 0.37 Al 0.63 N is actually even a 

hemically unstable solid solution (with regard to decomposition), 

nly realised through kinetic restrictions during the growth from 

he vapour phase [71,72] . The XRD pattern of Cr 0.37 Al 0.63 N evinces 

 preferred 111-orientation, as well as rather sharp Bragg peaks. 

he TiN film on Si (100) exhibits a more random growth orienta- 

ion and the corresponding Bragg peaks are broader compared to 

r 0.37 Al 0.63 N. The width of Bragg peaks within single-phased mate- 

ials correlates with the defect density, and larger widths typically 

uggest smaller grains and/or larger strains. Based on the stress- 

ffected XRD patterns in Fig. 2 a, the lattice parameters of TiN and 

r 0.37 Al 0.63 N on Si (100) are 4.25 Å and 4.11 Å, respectively. This 

onstitutes a lattice mismatch of 0.14 Å, which is effectively iden- 

ical to the theoretically expected value [30,52] . 

In Fig. 2 in general, the XRD patterns of the SL films are la- 

elled with their bilayer period as obtained by SEM-based thick- 

ess measurements of the coatings and verified by the satellite 

eak positions – which are fingerprints of the superlattice archi- 

ecture [73] (illustrated in Fig. 2 b) – as well as detailed HRTEM 

tudies (shown later). For the SL films with larger bilayer periods 

f 14.0 and 22.0 nm, the 1 st ( ±1) and 2 nd ( ±2) order satellite peaks

re already very close to the main Bragg peaks – i.e. the 0 th order 

eaks. Here, notable peak splitting can be observed in the patterns 

aken from films on Si (100) ( Fig. 2 a) as the TiN and Cr 0.37 Al 0.63 N

ayers are sufficiently thick to approach their unstrained lattice pa- 

ameters. All SL films grown on Si (100) substrates (except the one 

ith the smallest bilayer period of 2.5 nm) show a slightly dom- 

nant (100) growth orientation, and relatively broad Bragg peaks, 

ndicating a finer grain size and/or larger strain than the mono- 

ithically grown films. The SL with the lowest bilayer period (~2.5 

m) shows a pronounced 111-oriented growth and Bragg peaks 

ather similar to the Cr 0.37 Al 0.63 N coating. Therefore, the 2.5 nm SL 

hows evidence of a larger columnar grain size than the other SLs 

n Si. The referential peak positions, indicated in Fig. 2 a, are de- 

ived from DFT-calculated lattice parameters of rs-TiN [30] , rs-CrN 

52,72] , and rs-AlN [58] . 

All films grown on MgO (100) show a pronounced 100-oriented 

rowth, as depicted in Fig. 2 b. The pronounced satellite peaks 

resent in the patterns of the SL films are fingerprints of their 

igh epitaxial quality, indicative of well-defined and sharp inter- 

aces. On MgO (100), SLs with a bilayer period larger than 2.5 nm 

how a strong reflection at 2 θ ~ 44 °. This is pictured in Fig. 2 c for

 SL with � = 4.0 nm and might be due the sizeable lattice mis- 

atch between TiN and Cr 0.37 Al 0.63 N layers and their near epitax- 

al SL structure leading to separate 0 th order (200) peaks. Conse- 

uently, individual sequences of satellite peaks arise, as suggested 

y Fig. 2 c, underlining the high epitaxial quality. The separate 0 th 

rder and individual sequences of satellite peaks are not often ob- 

erved, as typically SL films (for, e.g., semiconductors) are devel- 

ped with layers having a small lattice mismatch. Alternatively, 

he strong reflection at 2 θ ~ 44 ° could also be the sole 0 th or- 

er SL (200) peak shifting to a significantly larger diffraction angle. 

he (200) MgO double peak, caused by the radiation doublet of Cu 
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Fig. 2. XRD patterns of TiN/Cr 0.37 Al 0.63 N superlattices and monolithically grown TiN and Cr 0.37 Al 0.63 N on Si (100) (a), and MgO (100) (b) substrates. (a) features diffraction 

patterns of all superlattices, whereas (b) only shows selected ones, with satellite peaks exemplified by arrows for the SL with � = 7.3 nm. The plot in (c) provides a detailed 

view of the (200) peak of a TiN/Cr 0.37 Al 0.63 N superlattice with a bilayer period of 4.0 nm. Satellite peaks in (b) and (c) are marked according to their position in relation to 

their corresponding 0 th order peak ( + , -) and their order (1, 2). 
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 α1 and Cu K α2 , is also pictured in Fig. 2 c. For a thorough inves-

igation and verification of the satellite peaks, more sophisticated 

odelling procedures, such as the approach of Fullerton et al. [74] , 

ight be employed to fit the SL XRD patterns. 

.2.2. Transmission electron microscopy 

Detailed TEM investigations confirm the well-defined nanolay- 

red architecture of our TiN/Cr 0.37 Al 0.63 N SLs, as demonstrated by 

he examples with bilayer periods of 2.5 and 7.3 nm presented in 

ig. 3 . The films on Si (100) ( Figs. 3 a and b) show a distinct colum-

ar growth structure, characteristic for a more random growth ori- 

ntation, which is proven by SAED (see the small insets in Fig. 3 a

nd b). However, within the columns, the layers do grow coher- 

ntly, as indicated by the similar TEM contrast spanning across 

everal layers. The TEM micrographs in Figs. 3 c and d show that 

sing MgO (100) as a substrate leads to a significantly enhanced 

pitaxial growth; individual columns are virtually unrecognisable. 

he corresponding SAED investigation (small inset in Fig. 3 c) con- 

rms the almost single-crystalline microstructure of the SL with a 

ilayer period of 2.5 nm on MgO across the entire coating thick- 

ess. Contrastingly, for the � = 7.3 nm SL, nearly perfect epitaxy 

n MgO (100) is only present for the initial ~200 nm, after which 

he growth mode changes to more columnar polycrystalline, but 

till highly 100-oriented (see inset of Fig. 3 d). The HRTEM investi- 

ations of these two SLs on MgO ( Fig. 3 e and f) – taken from fully

pitaxial regions – confirm the high quality and bilayer periods of 

.5 and 7.3 nm, respectively. 

These high-quality SLs are further investigated by HRTEM to 

tudy their dislocation densities, which are averaged from three 

ifferent regions. The areal dislocation density of (2.4 ± 0.6) •10 12 

m 

-2 for the SL with � = 2.5 nm is markedly lower than the (4.7 ±
.9) •10 12 cm 

-2 for the SL with � = 7.3 nm. Exemplifying HRTEM 

icrographs are provided in Figs. 4 a and b. Please consider that 

hese HRTEM investigations are unable to distinguish between mis- 

t and growth-induced dislocations. However, the latter are essen- 
380 
ially identical in both superlattices, since their deposition condi- 

ions are identical. Thus, we conclude that the density of misfit dis- 

ocations increases with increasing bilayer period, through which 

oherency strains are relieved. 

.3. Indentation modulus & hardness 

In excellent agreement with DFT predictions, the indentation 

oduli ( Fig. 5 ) of polycrystalline TiN and Cr 0.37 Al 0.63 N – as a result

f the growth on Si (100) – are essentially identical with 368.3 ±5.5 

nd 363 ±4.2 GPa, respectively. The indentation moduli of poly- 

rystalline TiN/Cr 0.37 Al 0.63 N superlattices roughly follow the rule of 

ixture, fluctuating around these values between 358.6 ±5.6 GPa 

or � = 7.3 nm and 382.8 ±5.3 GPa for � = 22.0 nm. 

On MgO (100) substrates, the TiN and Cr 0.37 Al 0.63 N films are 

ighly 100-oriented and essentially single-crystalline (as discussed 

bove, and shown in Figs. 2 b, 3 c and d). Their indentation moduli 

f 497.3 ±3.9 GPa and 469.2 ±10.6 GPa, respectively, show a size- 

ble difference. In agreement with our experiments, DFT calcula- 

ions also suggest a higher E 100 for TiN (527 GPa [58] ) than for

r 0.37 Al 0.63 N. E 100 is 406 GPa for Cr 0.44 Al 0.56 N, as obtained from 

lastic constants reported in [52] . TiN is a highly anisotropic ma- 

erial, for which E 100 > E 110 > E 111 holds true [58,75] . Thus, it is 

lausible that the highly 100-oriented film on MgO (100) gives a 

igher modulus than the more randomly oriented film on Si (100). 

n contrast to that, Cr 0.37 Al 0.63 N is close to the chemical compo- 

ition window (x = 0.44–0.56 [52] ) of Cr 1-x Al x N, which promises 

lastic isotropy. The DFT data suggest that a reverse order of 

he directional Young’s moduli of E 111 > E 110 > E 100 applies for 

r 0.37 Al 0.63 N. Thus, our experiments with a lower indentation mod- 

lus for the 111-oriented film on Si (100) compared to the 100- 

riented film on MgO (100), can only be explained by differences 

n their residual stresses and grain size. The smaller the grain size 

the larger the grain boundary fraction) or the smaller the com- 

ressive stress state (the larger the tensile stress state) the smaller 
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Fig. 3. Cross-sectional bright field TEM micrographs of TiN/Cr 0.37 Al 0.63 N SLs with bilayer periods of 2.5 nm (a) and 7.3 nm (b) deposited on Si (100), as well as 2.5 nm (c) 

and 7.3 nm (d) grown on MgO (100). SAED patterns are inserted into the top right corner of the corresponding micrographs. (e) and (f), are HRTEM images of SLs with 

� = 2.5 and 7.3 nm, taken from fully epitaxial regions indicated in (c) and (d), respectively. 

Fig. 4. HRTEM micrographs of TiN/Cr 0.37 Al 0.63 N SLs with bilayer periods of 2.5 nm (a), and 7.3 nm (b) deposited on MgO (100) substrates. Dislocations are highlighted in 

both images. Please note that these images are Wiener filtered. The viewing axis is the [100] direction. 
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he elastic modulus [76–79] . This fits to our data, as the films on Si

100) have a smaller grain size than those on MgO (100). Addition- 

lly, we also showed in an earlier study [80] that for films thinner 

han 8 μm the substrate matters (stiffer substrates lead to higher 

ndentation moduli). In agreement with the observations for the SL 

lms on Si (100), also those on MgO (100) show no clear bilayer- 

eriod-dependent trend, following the rule of mixture. 
381 
Similar to the indentation moduli, the films grown on MgO 

100) outperform those grown on Si (100) also in terms of hard- 

ess. But contrary to the indentation modulus, the superlattice 

lms are harder than their constituents, at least for � = 4.0, 7.3, 

nd 8.0 nm, regardless if grown on Si (100) or MgO (100) ( Fig. 6 ).

he softest superlattice films are those with the smallest bilayer 

eriod of 2.5 nm; a typically observed behaviour for TMNs, due to 



J. Buchinger, A. Wagner, Z. Chen et al. Acta Materialia 202 (2021) 376–386 

Fig. 5. Indentation modulus of TiN/Cr 0.37 Al 0.63 N as a function of the bilayer pe- 

riod on Si (100) and MgO (100) substrates. The indentation moduli of TiN and 

Cr 0.37 Al 0.63 N [also on Si (100) and MgO (100)] are indicated with horizontal bars; 

their widths represent the measurement error. On Si (100) substrates, the indenta- 

tion moduli of TiN and Cr 0.37 Al 0.63 N overlap, due to the polycrystalline character of 

the films, in agreement with DFT-based calculations ( Fig. 1 ). 

Fig. 6. Juxtaposition of the bilayer-period-dependent hardness trends of 

TiN/(Cr,Al)N superlattices on Si (100), and MgO (100) substrates. The values 

of monolithic TiN, and (Cr,Al)N are provided as reference in the shape of horizontal 

bars, the thicknesses of which represent the corresponding measurement error. 
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he limited interface sharpness and reduced barrier against dislo- 

ation glide for small bilayer periods. The hardest SL films on Si 

100) are those with � = 4.0 and 7.3 nm, having H = 28.7 ±0.2

nd 28.6 ±0.4 GPa, respectively. These are excelled by ~5 GPa by 

he SL film on MgO (100) with a bilayer period of 7.3 nm, hav-

ng H = 33.8 ±0.8 GPa. Overall, the hardness of the SL films grown

n Si (100) shows only a small dependence on the bilayer period, 

or � > 2.5 nm. But when growing the films on MgO (100), they 

hare more similarities with previous reports on the superlattice 

ffect, such as TiN/VN [31] , TiN/(V,Nb)N [32,81] , TiN/CrN [25] , and 

iN/WN [30] . Still, these systems provide a more pronounced hard- 

ess peak than our TiN/Cr 0.37 Al 0.63 N system – even when grown on 

gO (100). An explanation for this behaviour (nearly no bilayer- 

eriod-dependent superlattice effect for our films on Si (100) and 

nly a smaller effect for our films on MgO (100) than in the re-

orted systems listed above) rests on the shear moduli difference 

f the involved materials. 

More random oriented and polycrystalline TiN and Cr 0.37 Al 0.63 N 

as present on Si (100) – have similar shear moduli, and there- 
382 
ore exhibit almost no bilayer-period-dependent superlattice ef- 

ect. If grown nearly single-crystalline and with a pronounced 100- 

rientation – as present on MgO (100) – the indentation moduli 

nd hence the shear moduli are sizeably different. This difference 

s still not as pronounced as for the mentioned systems above, and 

herefore also the superlattice effect is not as pronounced. Conse- 

uently, the lattice mismatch alone (as in our system) is insuffi- 

ient for obtaining a bilayer-period-dependent superlattice effect. 

lastic differences between the layers, contrastingly, are crucial in 

hat regard. This aligns well with studies of Chu and Barnett [33] , 

s well as Barnett and Madan [82] , who have identified shear mod- 

li differences of the involved materials as the main contributing 

actor to the so-called hardness-related superlattice effect in TMN 

hin films. 

.4. Fracture toughness 

Fig. 7 a depicts raw load-deflection data of all tested micro- 

antilevers of TiN, Cr 0.37 Al 0.63 N, and the SLs with � = 2.5, 7.3, 

nd 14.0 nm. Representative load-deflection curves of each sam- 

le, normalised in terms of stress intensity and bending strain, are 

resented in Fig. 7 b. The conversion of the deflection into bend- 

ng strain for notched cantilevers in particular entails an array of 

naccuracies. Firstly, the simple conversion does not account for 

tress/strain concentrations at the notch tip, providing a source of 

nderestimation. Secondly, we took the thickness of the coating 

elow the notch (hence, the thickness of the cantilever w minus 

he notch depth c 0 ) as the thickness of the cantilever cross-section, 

hich may also introduce a degree of inaccuracy. Thus, the ab- 

olute values presented in Fig. 7 should be taken with care, es- 

ecially when comparing them to values recorded for unnotched 

eams. The normalised curves show that the presented cantilevers 

f TiN, Cr 0.37 Al 0.63 N, and the SL with a bilayer period of 14.0 nm

atch very closely in terms of stiffness. The superlattices with bi- 

ayer periods of 7.3 and 2.5 nm deviate slightly from this align- 

ent. However, both divergences are relatively small, and neither 

s also sufficiently captured by the measurements of the indenta- 

ion modulus in the previous section, thus leading us to conclude 

hat they can be attributed to measurement errors of – most likely 

the cantilever geometries. 

Overall, the normalised curves show that the SLs exceed mono- 

ithic TiN and Cr 0.37 Al 0.63 N in terms of critical stress intensity, elas- 

ic deformability, and fracture energy (which – in this case – would 

e roughly proportional to the area under the normalised curves). 

ll three quantities contribute towards the overall toughness of the 

aterial in question. Comparing SLs with different bilayer periods 

ith each other, however, shows that samples which perform bet- 

er in terms of one of these properties, exhibit a slight deficiency 

n the other two. Therefore, this analysis does not clearly identify 

 bilayer period that outperforms the others in toughness-related 

haracteristics. 

Looking at the elastic bendability specifically, the lattice mis- 

atch between the involved layers in the superlattice architecture 

lso seems to enhance the maximum achievable bending strain 

f the SL films compared to the monolithic compounds. Fig. 7 b 

hows that the SLs reach a maximum bending strain of approx- 

mately 1.47 % with � = 2.5 nm, favourably exceeding the 1.18 

nd 0.81 % for TiN and Cr 0.37 Al 0.63 N, respectively. Investigations 

f (Al,Ta,Ti,V,Zr)N high-entropy nitride thin films, produced, mea- 

ured, and evaluated using the same methods as the current study 

ield bending strain values of 1.56 and 1.17 % with and without Si 

lloying, respectively [16] . 

Fig. 7 suggests that the fracture toughness trends of the present 

tudy are not the result of irregularities in the crack propagation, 

ince neither the raw nor the normalised load-deflection curves 

n Fig. 7 depict any such irregularities. However, given the small 
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Fig. 7. Load-deflection data (a) of all cantilevers of monolithic TiN, and Cr 0.37 Al 0.63 N, as well as of three selected TiN/Cr 0.37 Al 0.63 N superlattices. Representative cantilevers are 

depicted opaquely in (a), and in a normalised plot – in terms of stress intensity and bending strain – in (b). 
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Fig. 8. Critical stress intensity K IC (a) and critical strain energy release rate G C (b) 

as a function of the bilayer period � for our TiN/Cr 0.37 Al 0.63 N SLs from which the 

Si (100) substrate material was removed. Corresponding values for monolithic TiN 

(K IC = 2.0 ±0.1 MPa 
√ 

m and G C = 10 ±0.3 J/m 

2 ) and Cr 0.37 Al 0.63 N (K IC = 1.3 ±0.1 

MPa 
√ 

m and G C = 4.6 ±0.3 J/m 

2 ) are indicated with horizontal bars. Pentagonal data 

points reflect the outcome of the continuum mechanical calculations. 
ength scale of the SL architecture, such events could not be re- 

olved by the nanomechanical testing system, even if they did oc- 

ur. 

Fig. 8 shows the critical stress intensity K IC and critical strain 

nergy release rate G C of our SL and monolithic coatings grown on 

i (100), respectively. Due to its relation to K IC ( Fig. 8 a), the trend

n G c ( Fig. 8 b) effectively reflects an accentuated version of the 

racture toughness (K IC ) trend. Despite the near absence of elas- 

ic differences between the layers, our SL films consistently allow 

or higher K IC and G C values than their constituent compounds TiN 

nd Cr 0.37 Al 0.63 N. Apart from a small decrease at lower bilayer pe- 

iods, K IC and G C depend only weakly on the bilayer period. Thus, 

n context with preceding studies on TMN SLs [25] [30], our current 

nvestigations suggest that a sizeable lattice mismatch (as present 

or TiN and Cr 0.37 Al 0.63 N) between the involved layers is sufficient 

o induce a superlattice effect and elevate the fracture toughness 

and hardness) of TMN SLs beyond the values of their constitut- 

ng materials. But for a strong bilayer-period-dependent behaviour, 

nd to maximise the extent of the toughness enhancement, elastic 

ifferences between the layers are needed. The TiN/CrN system –

eaturing moderate elastic and structural mismatches between the 

nvolved materials – shows a noticeable dependence of the fracture 

oughness on the bilayer period [25] . Strongly 100-oriented and 

uasi-monocrystalline TiN/WN SLs – composed of layer materials 

ith significantly different elastic properties and almost identical 

attice parameters – exhibit a pronounced enhancement in frac- 

ure toughness compared to the constituent components, as well 

s a strong dependence on the bilayer period [30] . 

For an improved understanding of the involved mechanisms, 

e contrast the experimentally produced K IC values with mod- 

lled ones. As outlined in the methodology section, the analyti- 

al continuum-mechanics-based model implements experimentally 

easured intrinsic fracture toughness values (2.0 ±0.1 MPa 
√ 

m for 

iN, and 1.3 ±0.1 MPa 
√ 

m for Cr 0.37 Al 0.63 N) and the stiffness tensor

omponents (taken from [58] and [52] ) of the monolithic materials. 

hereby, it predominantly focuses on coherency strains and mis- 

t dislocations, caused by lattice mismatch of the layers. Based on 

EM and X-ray reflectivity investigations on polycrystalline TiN/CrN 

Ls [25] , we set the interface width to 0.8 nm for all our SLs.

he model predicts that for the two lowest bilayer periods dislo- 

ations form in the first Cr 0.37 Al 0.63 N layer only, while the rest of

he film grows coherently. This results in a rearrangement of misfit 
383 
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Fig. 9. The top left image depicts a scanning electron microscopy (SEM) micrograph of a typical microcantilever before testing (including the spherical indenter tip). The 

remaining images show SEM micrographs of representative fracture cross-sections of monolithic TiN, and (Cr,Al)N, as well as TiN/(Cr,Al)N superlattices with 4 different 

bilayer periods (2.5 nm, 4.0 nm, 7.3 nm, and 14 nm). 
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tresses throughout the superlattice, but the strain energy stored 

n the film stays virtually constant with respect to �. Hence, re- 

oving the substrate leads to a stress profile similar to that of 

 dislocation-free system. The weak toughness enhancement with 

ncreasing � (at low �) is thus mostly reflective of the increase 

n layer thickness – amplifying the toughening effect of compres- 

ive stresses. Only once a certain critical bilayer period is exceeded 

 �crit ≈ 4.8 nm) and misfit dislocations form in all layers, the 

train energy within the system is gradually reduced. Due to the 

nsuing reduction of coherency strains, K IC decreases slightly and 

evels out at higher bilayer periods. Thus, the fracture toughness 

alues recorded for the present TiN/Cr 0.37 Al 0.63 N SL system do not 

strictly speaking – represent the intrinsic material property, but 

ather a function of the coherency-induced stress profile across the 

lm. It should also be noted that if misfit dislocation formation 

as not considered in the model, the stress state within the lay- 

rs would remain constant with respect to � and a continuous in- 

rease of K IC with the layer thicknesses (i.e. �) would be observed 

according to the employed weight function [66] . 

For the specific fully brittle SL system of the present study –

onsisting of layers with closely matching elastic and mechanical 

roperties – the outlined analytical model provides reliable values 

nd a potential explanation for the observed toughness trend. It 

as to be taken into consideration, however, that the methodology 

ay not be applicable to other SL systems. Heightened differences 

n the structural and mechanical properties between the SL layers 

ay potentially introduce features – such as completely incoher- 

nt interfaces, irregularities in the crack propagation (e.g. deflec- 

ion, trapping), yielding of one or both of the layer materials, or 

tress states that differ significantly from our system – which are 

ot accounted for by the analytical model [55] . 

The juxtaposition of SEM fracture cross-sections of TiN, 

r 0.37 Al 0.63 N, and the SLs with � = 2.5, 4.0, 7.3, and 14.0 nm,

ig. 9 , shows a slightly coarser columnar grain structure for TiN 

nd Cr 0.37 Al 0.63 N – compared to the SLs. This agrees with our XRD 

nvestigations, indicating also coarser coherently diffracting do- 

ain sizes especially for Cr 0.37 Al 0.63 N. In general, the microstruc- 

ure and grain size has a profound impact on fracture toughness 

83,84] , explaining the strikingly low values for Cr Al N. At 
0.37 0.63 o

384 
his point, it should be noted that our analytical model uses the 

xperimentally measured fracture toughness and indentation mod- 

li of the monolithic materials as input. Thus, the model implicitly 

ssumes that the grain structure in the SL films is the same as in 

he monolithic films and still predicts an improved fracture tough- 

ess for the TiN/Cr 0.37 Al 0.63 N superlattices. Hence, we envision that 

for the SLs) the small offset between the fracture toughness values 

f the analytical model and those of the bending tests (especially 

t higher �) may be partially caused by the difference in grain size 

etween the monolithic coatings and the superlattices. 

Fig. 9 also demonstrates that the thickness of our coatings 

anged from 1.5 μm to 2.8 μm and that the c 0 /w ratios of our

antilevers are all relatively similar. Also, the c 0 /w (notch depth 

o thickness) ratios of the cantilevers varied roughly only between 

.21 and 0.33. According to the findings of Iqbal et al. [85] and 

rinckmann et al. [9] , our cantilever geometries should therefore 

rovide results of reasonable accuracy. Still, comparisons of the ab- 

olute fracture toughness values of different studies determined via 

icrocantilever approaches [8,49] should always be treated with 

are, due to the geometry-sensitive nature of the method [9,86,87] . 

. Summary and conclusions 

Consulting pre-existing DFT-based data, we designed 

iN/Cr 0.37 Al 0.63 N superlattices (SLs), in which the differences 

n the polycrystalline elastic moduli between the layers are 

liminated. This allowed us to analyse specifically the effect 

f the lattice mismatch between the involved materials on the 

oughness-enhancing superlattice effect in transition metal nitride 

TMN) thin films. 

All our films crystallised in the cubic rock-salt structure, with 

lms deposited on Si (100) substrates providing polycrystalline 

amples and MgO (100) substrates producing strongly (100)- 

riented coatings. Our nanoindentation results revealed virtually 

dentical indentation moduli for the polycrystalline samples of 

onolithic TiN and Cr 0.37 Al 0.63 N on Si (100). On MgO (100), the 

onolithic films showed a slight disparity in terms of their inden- 

ation moduli. The indentation moduli of all TiN/Cr 0.37 Al 0.63 N SLs 

n both substrate types consistently lay in between the constituent 
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aterials – independent of the bilayer period ( �). The hardness 

f the polycrystalline TiN/Cr 0.37 Al 0.63 N SLs was enhanced slightly 

eyond monolithic TiN (23.2 ±0.4 GPa), and Cr 0.37 Al 0.63 N (25.8 ±0.3 

Pa) up to 28.7 ±0.2 GPa, mostly independent of the bilayer pe- 

iod. Contrastingly, the (100)-oriented SLs showed a bilayer-period- 

ependent hardness enhancement, with a maximum of 33.8 ±0.8 

Pa at bilayer period of 7.3 nm. 

The SL architecture also raised the fracture toughness K IC of 

iN/Cr 0.37 Al 0.63 N (2.5 ±0.1 MPa 
√ 

m at � = 7.3 nm) above that of

onolithic TiN (2 ±0.1 MPa 
√ 

m) and Cr 0.37 Al 0.63 N (1.3 ±0.1 MPa 
√ 

m)

or all bilayer periods. Apart from a small decrease at lower bi- 

ayer periods, we did not record a measurable dependence of the 

racture toughness on the bilayer period. We used an analyti- 

al continuum-mechanics-based model to calculate the theoreti- 

al fracture toughness of TiN/Cr 0.37 Al 0.63 N SLs based on the evo- 

ution of coherency strains and misfit dislocations with changing 

ilayer period. Superimposition of experimental and calculational 

ata demonstrated that initiation of misfit dislocation formation 

ith increasing � – and the associated change of coherency strains 

in the involved layer materials is governing the toughness en- 

ancement in TiN/Cr 0.37 Al 0.63 N SLs. In a broader context, the find- 

ngs of the present study suggest that both the lattice and elastic 

ismatch contribute towards the toughness-enhancing SL effect in 

MNs. Thereby, the lattice mismatch elevates the fracture tough- 

ess of SLs above that of the monolithic materials (largely inde- 

endent of �), while elastic differences cause a strong bilayer pe- 

iod dependence – further maximising the fracture toughness. 
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