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Chapter 1

Introduction

The success of our society is strongly linked to the development of new materials. Moreover,

due to the growing awareness regarding environmental and economic issues, research and

development of highly potential materials become more attractive than ever before. However,

one of the most difficult parts is to find a material covering all the different requirements

needed in high end applications. Therefore many scientists start to combine materials having

different properties, e.g. good thermal and oxidation behavior, high hardness and toughness,

good electrical and thermal conductivity. Such combinations extend the possibilities for the

industry producing materials with a specific property profile. In addition assembling the

materials in such a way as to have attributes not offered by any one material alone can

be achieved by different architectural designs. Figure 1.1 demonstrates combinations of

different configurations which allow superimposition of their properties and the creation of

“new materials” with tailored properties.

Nevertheless, the protection of bulk materials by coatings is well known for a long time.

Especially ceramic hard coatings such as nitrides ranging from a few nanometers to several

micrometers which were synthesized by physical vapor deposition (PVD) or chemical vapor

deposition (CVD) techniques extend the life time of numerous components, decreasing the

costs for the users and take care of the environment. Particularly, transition metal nitrides,

such as CrN are widely used for various industrial applications because of their outstanding

properties like high thermal stability, oxidation resistance and abrasion resistance.

In general a trend from macro-scaled towards nano-scaled materials could be observed during

the last decades. This allows new design concepts for stabilizing materials in their metastable

phases within a stable matrix, by e.g. in two or three dimension configurations (multilayers,

precipitates, nanocomposites). Multilayer coatings having a single layer thickness in the size

of lattice parameters are well known as a superlattice [2] and become more important in

the nanostructure community in the last decades. The characteristic of these coatings are

simply explained by a hardness profile with a sharp super hardness peak and excellent wear
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1. Introduction

Figure 1.1: Different architectured material configurations and connectivity options [1].

and oxidation resistance when having fully cubic stabilized structure [3].

CrN/AlN superlattice coatings are well known to fulfill these requirements which have been

reported to be mainly influenced by the AlN layer thickness [4, 5]. Therefore publication I

and II are devoted to both individual layer thicknesses, of CrN and AlN within CrN/AlN

superlattice coatings and their influence on structure and morphology. Moreover, the effect

of different structure on hardness and thermal stability were discussed in detail featured by

high resolution transmission electron microscopy (HRTEM), differential scanning calorimetry

(DSC), thermal gravimetric analyzes (TGA), nanoindentation and X-ray diffraction (XRD)

measurements.

Recent studies showed tremendous improvement of thermal behavior when stabilizing AlN

in its metastable cubic structure within single ternary Cr–Al–N thin films. Further incorpo-

ration of the reactive trace element yttrium improves the oxidation behavior and increase the

hardness as it promotes grain refinement. While these previous studies concentrate on the

cubic stabilization of AlN in single layered Cr–Al–N and Cr–Al–Y–N thin films, publication

III is devoted to the stabilization of metastable cubic AlN in a layered architectural design.

Here the cubic stabilization of AlN in CrN/AlN, CrAlN/AlN and CrAlYN/AlN multilayers

and the effect of the different structure in AlN layers on mechanical and thermal behavior

were investigated in detail.

One of the major challenges for coating materials especially when having ceramic bonding

character (mixed ionic and covalent) are their brittleness which often limit their usage in

numerous applications. The interaction of such brittle coatings with notch sensitive bulk

2



1. Introduction

materials such as gamma titanium aluminide (γ-TiAl) based alloys has considerable risks

for components in e.g. aero engines.

Interfaces in a multilayer structure provide obstacles for the crack propagation and con-

tribute to increased fracture toughness by different interface mechanisms, e.g. crack splitting

and deflection. In addition a stress induced transformation within CrN/AlN multilayers of

metastable cubic stabilized AlN in its stable wurtzite phase is connected with a volume ex-

pansion of 26% and suggest promising results for the fracture behavior. Hence, publication

IV is related to the investigation of the influence of fully cubic stabilized AlN as well as

mixed wurtzite and cubic structured AlN layers within CrN/AlN multilayer coatings on the

fracture behavior. The results were discussed in detail by comparing with the fracture be-

havior of monolithic CrN coatings. The successful development of the fracture toughness of

such brittle ceramic coatings depends on the fracture mechanism and the crack path. There-

fore micro-mechanical tests such as bending, tensile, compression and nanoindentation have

become a frequently used technique to determine the fracture behavior of different materials

in a micro-scaled range. Within this thesis compression, bending and tensile tests were used

to provide various perspectives for the investigation of the fracture mechanism of CrN/AlN

multilayer coatings whereby publication IV is only related to compression tests.

The following chapters give a short introduction to the fundamental materials of this thesis,

CrN and AlN in single as well as multilayer architecture and state of the art regarding their

hardness, thermal stability and fracture toughness. Furthermore, an extensive description of

in-situ fracture tests in a micro-scaled range is provided which gives a significant contribution

to the field of fracture toughness of hard ceramic coatings.
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Chapter 2

Background and Motivation

2.1 Hard Ceramic Coatings

Hard ceramic coatings can be distinguished by their bonding character (metallic, covalent

and ionic) and their corresponding change in properties as shown in Fig. 2.1 [6–8], and

by their hardness as they can be classified in “normal” hard (> 20 GPa), “super-hard”

(< 40 GPa) or “ultra-hard” (< 80 GPa) coatings [9].

Carbides, borides, nitrides and oxides have been used in the last decades for aerospace, tools,

molds and dies due to their outstanding properties [6]. Especially transition metal nitrides

(TMN) exhibit properties like wear and corrosion resistance, high hardness, thermal stabil-

Figure 2.1: Classification of hard ceramic coatings according to their bonding character and
their change in properties (modified after [6–8]).
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2.2 CrN Based Coatings

ity and electrical conductivity increasing the life time of many components [10, 11]. These

attractive properties can be adjusted during growth in plasma-assisted vapor conditions by

varying grain size and defect density [10]. Hence nanostructured materials and microstruc-

tural changes for such hard coatings become more important and are well established [12, 13].

In addition, excellent mechanical properties of ceramic coatings can be attributed to the mix-

ture of metallic, covalent and ionic bonding character [6]. Due to the ever growing demand

on improved properties TMNs such as CrN and TiN were developed by partial substitution

of the transition metal with Al resulting in Cr1−xAlxN and Ti1−xAlxN having superior prop-

erties compared to their binary nitrides [14–19]. Moreover, recent studies focused on the

synthesis of multinary coating systems by the incorporation of additional elements like Nb,

Ta and Y.

Based on the architectural coating design of nanocomposite materials having excellent hard-

ness, separated TMN phases in layered structure (multilayer) were found to create new

opportunities of the usage of ceramic hard coatings [20–23].

2.2 CrN Based Coatings

The binary phase diagram of Cr–N shown in Fig. 2.2 is characterized by intermetallic hexag-

onal Cr2N and CrN phases in the solid state. Depending on the temperature, CrN is indi-

cated by orthogonal (T . 265 K) and cubic (B1) structure modifications [25]. As this work is

focused on face-centered cubic structured CrN special attention is given to the NaCl modifi-

Figure 2.2: Binary phase diagram Cr–N [24].
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2.3 AlN Coatings

Figure 2.3: Schematic of the lattice structure of a) NaCl structured CrN, b) hexagonal Cr2N
and c) bcc Cr [34].

cation having lattice parameter of a = 4.140 Å [26]. Such a structure configuration is shown

in Fig. 2.3a where the nitrogen is placed at the octahedral interstitial sites of a face centered

cubic lattice formed by Cr atoms. Together, Cr and N form a NaCl type lattice. CrN ex-

hibits mainly metallic bonding character with ionic and covalent binding contributions [27].

The compositional range of CrN is very small and decomposition depends on the nitrogen

partial pressure as can be seen in Ref. [28]. In general the decomposition temperature at

atmospheric pressure varies from 400 ◦C to 1000 ◦C [19, 29–31]. As shown by Mayrhofer

et al. [30] annealing of CrN in inert atmosphere leads to decomposition into Cr2N with N2

release at temperatures ranging from 1000–1250 ◦C. This hexagonal closed packed structure

is indicated by randomly arranged N-atoms within the interstitial sites of the Cr-matrix

[32], see Fig. 2.3b (a = 4.752 Å, c = 4.429 Å [33]). Further annealing to higher temperatures

result in dissociation of Cr2N into the body-centered cubic (bcc) Cr (Fig. 2.3c) and N2 [30].

CrN hard coatings are well known for their good oxidation resistance, high hardness (24 GPa,

[35]), chemical inertness and wear resistance [16, 36–38]. The combination of all of these prop-

erties is highly attractive for applications in tooling, automotive, aerospace and decorative

industries [31, 39]. Nowadays, increased mechanical and thermal properties of monolithically

grown CrN coatings can be achieved by alloying with different elements [16, 40, 41].

2.3 AlN Coatings

AlN exists in a stable hexagonal close packed wurtzite-type (B4) crystal structure having

lattice parameter a = 3.1114 Å and c = 4.9792 Å [42] (see Fig. 2.4a). This modification

exhibit covalent binding character with ionic contributions [6, 17] and a high thermal resis-

tance against decomposition up to 2800 ◦C. AlN is also able to exist in a metastable high

pressure cubic modification having a face centered cubic NaCl (B1) structure with a lattice

parameter of a = 4.05 Å [43] (see Fig. 2.4b). Figure 2.4c displays the cubic ZnS-structure

(B3) which can be epitaxial stabilized for some nanometers [44, 45].

6



2.3 AlN Coatings

Figure 2.4: Possible crystal lattice structures of AlN. a) wurtzite, b) NaCl and c) ZnS type
[34].

Figure 2.5: Schematic representations of B4 → B1 phase transformation along the hexagonal
and tetragonal path. The dark and gray balls indicate N and Al atoms, respectively [46].

By means of high pressure the wurtzite B4 structure can be transformed into the NaCl

(B1) structure. Cai and Chen [46] summarized different models of the transformation paths

from the wurtzite (B4) to the rocksalt (NaCl) structure (B1) by two different mechanisms

as shown schematically in Fig. 2.5. These hexagonal and tetragonal paths are two stage

processes in which the hexagonal path is the energy-favored transition path for the AlN [47].

Such a transformation was observed to occur by a sudden movement of Al and N atoms [47].

Ab initio calculation by Mayrhofer, Willmann, and Reiter [19] and Mayrhofer, Music, and

Schneider [17] reveal an ∼ 1.26 times larger specific volume of h-AlN compared to c-AlN.

AlN is well known for good insulating properties, a high breakdown field, low diffusivity for

dopants and high thermal conductivity of around 2 W cm−1 K−1 [48]. Due to its wide band

gap of 6.2 eV [48] the most interest on AlN is given on its potential for electrical and optical

applications such as semiconductors and lasers [49, 50].
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2.4 CrN/AlN Multilayer

2.4 CrN/AlN Multilayer

Research and development of multilayered structured hard coatings since the 1980s has

become increasingly important. Especially multilayer coatings consisting of two different

assembled materials upgrade the properties of monolithically grown coatings. These im-

provements can be obtained in compounds consisting of metal/ceramic or ceramic/ceramic

layers [51–56]. In such multilayer systems the layer thickness, the number of layers and

consequently the number of interfaces as well as the condition (sharpness) of these interfaces

characterize the properties of the coatings. In addition the crystallographic relationship

between the layers and the base layer to the substrate is one of the most influencing parts

within a multilayer system. As generally the most important properties-improvements are

obtained for multilayer coatings with epitaxial grown layers this has to be taken into ac-

count at the beginning of developing a multilayer system. Such growth mechanisms depend

on the difference in lattice parameter and the ability of the lattice to adjust for small misfits.

The lattice mismatch is attributed to the crystallographic relationship of different crystal

structures of adjacent materials which is well known as hetero-epitaxy. In contrast to homo-

epitaxy where the crystal structure of the materials are identical and the lattice parameters

are perfectly matched, the lattice-mismatch in hetero-epitaxially grown coatings results in

coherency strains [57].

Nowadays, significant improvements in terms of hardness [58], oxidation resistance [59],

wear and corrosion resistance [60], toughness [61] and tribological properties [2] have been

extensively reported for multilayer coatings where the layer thickness is in the range of a few

nanometers forming a superlattice structure. Such low layer thickness configuration is also

used for CrN/AlN multilayers having increased thermal and mechanical properties compared

to their monolithic coatings.

This work focuses on the CrN/AlN superlattice system having cubic CrN layers and different

modification of AlN layers. Recent studies reveal a critical AlN layer thickness of ∼ 3 nm to

have either cubic or wurtzite structure. Nevertheless, the critical size can be influenced by

the density of misfit dislocations at the interface of CrN and AlN layers where the interface

is more incoherent and the film becomes more relaxed. Figure 2.6 represents a schematic

image for (a) fully coherent (epitaxial), (b) semicoherent and (c) incoherent (non-epitaxial)

interfaces.

For the fully coherent grown coatings (Fig. 2.6a) the cubic CrN operate as template for

the AlN and stabilize it in its metastable cubic structure. These coatings are indicated by a

coherently matched interface and a hetero-epitaxial growth. The overall CrN/AlN multilayer

coatings with layer thicknesses in the range of a few nanometers exhibit NaCl structure.

Lower lattice parameter for c-AlN (a = 4.05 Å [43]) compared to c-CrN (a = 4.149 Å

[26]) induce tensile stresses for AlN and compressive stresses for CrN at the interface [63].
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2.4 CrN/AlN Multilayer

Figure 2.6: Schematic of (a) coherent interfaces with slight lattice mismatch, (b) semi-
coherent interface and (c) in-coherent [62].

Figure 2.7: Schematic of the different crystal structure in CrN/AlN multilayers with (a)
cubic AlN layers and (b) wurtzite AlN layers (modified after [64]).

These stress fields at the interface can change the physical properties and affect the fracture

behavior as described in section 3.1.

AlN layers passing the critical layer thickness cannot be stabilized in the metastable cubic

structure and transform into the stable wurtzite form. This transformation interrupts the

epitaxial growth in CrN/AlN multilayers resulting in semicoherent (Fig. 2.6b) or incoherent

(Fig. 2.6c) interfaces. Hence pronounced columns in the growth direction as promoted by

epitaxial grown CrN/AlN layers (see Fig. 2.7a) are inhibited due to re-nucleation of the cubic

CrN layers at the interfaces (Fig. 2.7b).

2.4.1 Hardening Effects in CrN/AlN Superlattice Coatings

The combination of two nitride hard coatings such as CrN and AlN within a layered super-

lattice structure has been shown to exhibit super hardness values above 40 GPa [4]. This

increase in hardness can be explained by several hardening mechanisms based on the concept

of nanocrystalline materials including image forces on dislocations, dislocation motion in an

alternating strain field, the supermodulus effect and the Hall-Petch effect [21]. Especially

nanocomposites composed of at least two different phases with coherent boundaries in the
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nanoscale regime impede grain boundary sliding and strengthen the material. As dislocation

motion is required for plastic deformation, density and mobility of dislocations have to be

decreased. This can be achieved by decreasing grain size and consequently increased grain

boundary density. A good approach for this strengthening mechanism related to hardness

and grain size is described by the well known Hall-Petch relation

H = H0 + kD−1/2 (2.1)

where H is the resulting hardness, D is the grain size, H0 is the hardness of the material

with large grains and k is a material constant [65]. The model used for polycrystalline bulk

materials is based on the theory that dislocations are hindered at the grain boundaries, pile

up and initiate a dislocation source in an adjacent grain. Many publications were found using

this Hall-Petch relationship for multilayers by replacing the grain size with the multilayer

period. Nevertheless this is a rough assumption for superlattice coatings with bilayer periods

< 20 nm as only few dislocations are present compared to monolithically grown coatings.

This makes it necessary to extend the model and consider in addition to the number of

dislocation loops in a given layer, effects of a mismatch in slip plane orientation, lattice

mismatch between the layers, image forces on dislocations, the dislocation core spreading

into the interface, structural differences between the layers and the difference in stacking fault

energies. A detailed description of the modified Hall-Petch model elaborated by Anderson et

al. can be found in [66–69]. In general, the model describes the dependence of the hardness

on the bilayer period.

Several theoretical contributions explained the mechanical properties of multilayer coatings

by the Peach-Koehler image forces created by the different dislocation line energies in each

layer [21, 70–74]. Multilayer structured materials having different shear moduli within each

layer would require additional stress to move dislocations over layers [75]. Dislocation moving

towards the interface were rejected when located in the elastically softer layer and attracted

when located in the stiffer one [72]. Within CrN/AlN multilayer coatings the c-CrN layers

exhibit lower shear modulus than c-AlN hence higher forces would be required for dislocation

to overcome the interface [4]. As the minimum stress required for the formation of new

dislocations is related to the distances between the pinning points small layer thickness

within a multilayer impede the activation of dislocation sources (such as Frank-Read source)

[76]. This decreases the density of dislocations and avoids the generation of new ones which

contributes to plastic deformation. In contrast, multilayers having increased layer thickness

will force the formation of dislocations and enable large distances which are not contributing

to a hardening mechanism [77]. However multilayers having very thin layers exhibit also

a high density of interfaces which interact and decrease the stress needed for the motion

of dislocations across the boundaries [3]. Hence the highest hardness can be reached for a

multilayer system when the optimal layer thicknesses have been found to hinder dislocation

motion across boundaries without dislocation motion in the layers [21, 77].
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Figure 2.8: Hardness and Young modulus profile of CrN/AlN superlattice coatings measured
by nanoindentation [4].

Figure 2.8 demonstrates the sensitivity of the previous mentioned hardening effects on the

bilayer period in CrN/AlN superlattice coatings, published by Lin et al. [4]. The hardness

and Youngs modulus profile is characterized by a sharp peak with a super hardness of 45 GPa

when having a fully cubic structure at a Λ of 3.0 nm. In contrast to the work presented in

publication I, the epitaxial stabilization of cubic AlN is only reported to be affected by the

AlN layer thickness while different CrN to AlN layer ratios have not been considered [78].

2.4.2 Thermal Stability of CrN/AlN Multilayer and Superlattice

Coatings

Thermal stability of thin films controls life-time of coated tools hence process costs which

are essential for a successful implementation in industry can be reduced [11]. Nowadays

hard nitride coatings were used to protect materials in forming and machining applications

which are exposed to temperatures exceeding 1000 ◦C during operation. The increased

demand of thermal behavior on monolithically nitride coatings such as CrN and TiN limit

their usage and force to develop coatings with smart architectural design [79]. Multilayer

structured coatings combining different materials allow the formation of tailored properties

and become more important for the industry [11]. These properties can be adjusted in a

very easy way just by changing their individual layer thickness which can be attributed to

the different microstructure evolution during film growth. Thermal stability of multilayer

coatings is also influenced by the individual layer thickness as shown by Tien et al. [80].
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2.4 CrN/AlN Multilayer

Especially CrN/AlN multilayer exhibit increased oxidation behavior when decreasing the

individual layer thickness of the coatings. Even though structural and mechanical properties

of CrN/AlN superlattice coatings are investigated in numerous works, a detailed literature

research showed only few explorations about the thermal behavior of such coatings. Lin et al.

[81] observed poor oxidation resistance when annealing up to 1100 ◦C in air for the CrN/AlN

multilayer coating containing wurtzite AlN. However, CrN and AlN distinguished by good

oxidation resistance due to formation of Cr2N and Al2O3 respectively suggest increased

thermal stability for CrN/AlN multilayer coatings compared to single CrN coating which is

confirmed by Tien and Duh [82] and Tien, Duh, and Lee [83] when annealing up to 900 ◦C in

air and vacuum environments. This increased thermal stability of multilayer coatings is based

on the numerous interfaces which act as obstacles for the inward and outward diffusion of ion

species while monolithically grown coatings provide pathways for the diffusion. Especially

dissolving into Cr2N and finally Cr can be retard as the nitrogen release is inhibited by the

interface [4].

In contrast to most other studies which deal with thermal analyzes of multilayer coatings

mainly in air up to a maximum temperature of 1100 ◦C publication II deals with the thermal

behavior of CrN/AlN multilayer coatings in He and vacuum atmosphere up to 1500 ◦C.

The influence of c- and w-AlN layers which is connected with a different structural growth

mode, as shown in section 2.4, on thermal behavior is discussed using differential scanning

calorimetry (DSC) combined with thermal gravimetric analyzes (TGA), nanoindentation

and X-ray diffraction (XRD) after annealing.
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Chapter 3

Methodical Approach

3.1 Fracture Toughness in Multilayer Coatings

The fracture toughness is defined by the stress intensity factor KIC at which a crack starts to

propagate in the material. Numerous evaluation methods for this value using fracture stress,

coating thickness and crack length were published elsewhere [84–87]. Nevertheless, an exact

measurement of the crack length is needed, which is in general difficult for small materials

[88]. As this work is mainly devoted to the mechanisms of increased fracture toughness in

multilayers, the evaluation of KIC is not explained in more detail.

Since many decades nature has inspired many researchers by their biological structures of

humans, animals and plants with excellent protection measures against hard requirements,

for e.g. fracture toughness. Such protective properties of biological species exhibiting ex-

traordinarily high toughness and strength have been found in fine-scaled layered mollusk

shells. There a combination of alternating softer and (brittle) hard phase maximize the

critical stress intensity required for crack propagation.

The fracture toughness of multilayers can be adjusted by their individual layer thickness, the

number of interlayers and the combination of the material. Moreover, multilayer coatings

can also be designed based on one material with different microstructures. Hence multilayer

design becomes more important due to their versatile possibilities of adjusting high potential

coatings having high strength and toughness. Therefore Stoudt, Ricker, and Cammarata [74],

Springer and Catlett [89], and Movchan et al. [90] to name a few investigated hierarchical

microstructure of alternating layers in metal/metal, metal/ceramic and ceramic/ceramic

multilayer configurations, respectively.

As schematically shown in Fig. 3.1 several mechanisms in a multilayer designed coating as

blunting of the crack tip by plastic deformation [91, 92], deflection of the crack path near the

13



3.1 Fracture Toughness in Multilayer Coatings

Figure 3.1: Schematic toughening and strengthening mechanism in ceramic multilayer coat-
ings according to Stueber [94].

interfaces due to differences in elasticity or morphology [93] can inhibit the crack propagation

through the multilayer.

Another attempt to improve the toughness of ceramic coatings was made by the incorpo-

ration of ceramic particles into a nanocomposite compound. Such toughening mechanism

using Y2O3 for the stabilization of tetragonal ZrO2 provide excellent flexural strength and

fracture toughness at room temperature due to the stress-induced phase transformation from

tetragonal to monoclinic zirconia [95–98].

Based on this knowledge, for this work the effect of a combination of a multilayer architec-

ture and a stress induced phase transformation on the fracture behavior within a CrN/AlN

multilayer system has been investigated.

The crack mechanism illustrated in Fig. 3.2 shows the initiation and the propagation of the

crack in a CrN/c-AlN and CrN/w-AlN multilayer coating. As already mentioned in sec-

tion 2.3 AlN provides a metastable cubic phase which transforms with an increase in volume

of 26% to the stable wurtzite phase. During the crack propagation in the CrN/c-AlN mul-

tilayer at the free surface generated at the crack edges the cubic AlN cannot be stabilized

anymore and transforms into the stable wurtzite phase. This transformation and changing
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3.2 Coating Preparation

Figure 3.2: Schematic of the crack mechanism in (a) CrN/c-AlN and (b) CrN/w-AlN mul-
tilayer coatings.

in volume can induce toughening mechanisms influencing the fracture behavior by crack

deflection and absorbing crack energy. In contrast, the crack propagation in CrN/w-AlN

multilayer coatings cannot be influenced by a phase transformation and the crack proceeds

immediately through the coating as soon as the crack is initiated as discussed in publica-

tion IV in more detail.

3.2 Coating Preparation

The coatings were deposited by a reactive magnetron sputtering system using an AJA Orion

5 lab-scaled deposition plant, see Fig. 3.3. This system is characterized by a computer-

controlled shutter system which enables multilayer coatings in the range of few nanometers.

Hence, multilayer coatings can be produced in two different ways, either switching on and

off the targets or opening and closing the shutters. Furthermore two dc generators and one

rf generator can be used to power two 2 inch and one 3 inch gun which are located in circular

array at the bottom of the chamber. The different substrates used (Si, Al2O3, MgO, Fe-

and Cu-foil) were fixed on a rotating substrate holder (6 inch diameter) at the top of the

chamber which can be heated up to 800 ◦C. Furthermore, substrate etching as well as dense

coating morphology was achieved by rf-biasing of the substrates. The CrN/AlN multilayer

and superlattice coatings within this work were prepared starting and ending with the CrN

layer. The multilayer coatings (publications III and IV) were prepared with 20 alternating

layers having an AlN volume fraction of 3% (cubic) and 9% (wurtzite), respectively. For all

superlattice coatings (publications I and II) a total thickness of ∼ 1.5 µm was obtained by

varying the number of layers from 250 (Λ = 12.0 nm) to 1580 (Λ = 1.9 nm).

Special attention was paid on the development of a substrate holder which enables the

rotation of samples on their own axis (Fig. 3.4). The driving force for the rotation of the

substrate clamps was achieved by the original propeller (also used for the rotation of the
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3.2 Coating Preparation

Figure 3.3: (a) AJA Orion 5 deposition plant equipped with a load lock system and a
computer controlling unit. (b) Schematic of the sputter gun and sample holder arrangement
within the chamber.

Figure 3.4: Substrate holder for the AJA Orion 5 developed for the deposition of
3-dimensional samples.

“1-dimensional” substrate holder) at the center of the chamber. This rotating moment is

transferred by means of a fixed gear ring located at the outermost diameter of a fixed shell

and boosts the gear wheel which is connected to the clamps of the substrate. In addition

to the rotation of the samples on their own axis the samples are now also able moving 360◦

within the chamber over all usable targets. This enables deposition of multinary coatings

on round substrates and double-sided depositions on flat substrates for e.g. tensile tests and

bending tests.
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3.3 Structural and Chemical Investigations

3.3 Structural and Chemical Investigations

3.3.1 XRD

X-ray diffraction analyzes of powdered and as deposited thin films were conducted in the

Bragg-Brentano configuration with high-angle (HAXRD) and low-angle (LAXRD) mode

using a Bruker AXS D8 and D500 diffractometer equipped with a Cu-Kα radiation source

(λ = 1.54056 nm).

In this thesis this non-destructive structural characterization technique was used for phase

identification and stress analysis. The bilayer period (Λ) of the small layered superlattice

coatings were determined in the LAXRD mode by using the modified Bragg equation:

Λ =
mλ

2 sin θ
(3.1)

where m is the order of the reflection in the LAXRD pattern, λ is the X-ray wavelength

of Cu (λ(Kα) = 0.15406 nm), θ is the position of the Bragg diffraction angle, and Λ is the

bilayer period. Similar to LAXRD the bilayer period in HAXRD mode can be calculated

according to formula:

sin θ± = θB ± mλ

2Λ
(3.2)

where m is the order of the satellite peak, λ the wavelength of the X-ray beam, θB half

of diffraction angle of the main Bragg peak, θ± half of the angle position of the satellite

peak, and Λ the resulting bilayer period. Detailed descriptions and settings of the bilayer

evaluation by X-ray analyzes can be found in literature [21, 99].

3.3.2 SEM

The morphology, structure and overall thickness of the coatings deposited on silicon sub-

strates were investigated on fracture cross-sections using a Zeiss EVO 50 microscope oper-

ating with an acceleration voltage of 20 kV. Fracture tests during bending and compression

mode and fracture images were conducted in a Zeiss, XB1540 and Zeiss, LEO 982, re-

spectively. Chemical compositions of the films were determined by energy-dispersive X-ray

(EDX) analysis.

3.3.3 TEM

Detailed structural investigations of the coatings by transmission electron microscope (TEM)

were executed in a Phillips CM12 microscope, operated at 25 kV and 120 kV, respectively,

as well as by high resolution transmission electron microscopy (HRTEM) using a Tecnai

F20 operating at 200 kV. Prior to the TEM investigations the coated Si substrates were

mechanically polished to around 50 µm in thickness and ion etched using a GATAN precision
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3.4 Thermal Analyzes

ion polishing system PIPS, with an incident angle of 4◦ and an acceleration voltage of 3.5–

4 kV.

Crystallographic identification of the coatings was evaluated after selected area electron

diffraction (SAED) by means of the Gatan DigitalMicrograph Software (Vers. 3.7.1.).

3.4 Thermal Analyzes

Phase transformation and thermal resistance were conducted on grinded powder by differen-

tial scanning calorimetry (DSC) in combination with thermal gravimetric analyzes (TGA)

in a SETSYS Evolution TMA (Setaram instrumentation) calorimeter. The measurements

were accomplished in He atmosphere at temperatures up to 1500 ◦C with a heating rate of

20 ◦C/min. Additionally annealing of powdered coatings were executed in a Reetz vacuum

furnace (HTM Reetz GmbH, base pressure < 5 · 10−4 Pa).

3.5 Mechanical Investigations

3.5.1 Nanoindentation

The hardness of the coatings was measured using a CSIRO ultra micro indentation sys-

tem equipped with a three-sided pyramid Berkovich tip. For every sample 20 indents were

conducted in load controlled mode ranging from 20 to 10 mN in steps of 0.5 mN to allow

reliable statistics. The resulting indentation depth was kept below ∼ 10% of the overall

coating thickness which minimizes the influence of the substrate [100]. The values were

obtained by evaluating the unloading segment of the indentation curve after the Oliver and

Pharr method [101]. Detailed description on indentation and data evaluation can be found

in literature [100, 102].

3.5.2 Fracture Tests

Numerous testing methods have been developed to evaluate the fracture behavior of hard

ceramic coating systems (e.g. TiC, TiN, CrN and CrAlN), such as tensile tests [103–105],

four-point bending tests [88, 106–108], indentation tests [92, 109], scratch tests [110] and

double-cantilever beam tests [85]. The fracture characterization of coatings in the micro

scale is accompanied by small test specimens providing only a small specific volume of con-

sideration. Such a small specific test volume is connected to a high sensitivity for possible

faults during the test. Hence, substrate effects, impact velocity, loading speed, contact area

and the contact position of the indenter on the sample and the alignment of the sample dur-

ing the test have to be taken into account when selecting suitable tests for the evaluation.
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3.5 Mechanical Investigations

Moreover, coatings having different architectural coating design need to be loaded from the

corresponding direction to generate cracks at the most informative part of the sample. Es-

pecially fracture investigations in multilayer coatings having layer thickness in the range of

few nanometers provide numerous effects during fracture, as e.g. interfacial fracture, delam-

ination, crack deflection and crack stop, to name a few and require extensive considerations.

As this study focused on the crack behavior and crack propagation influenced by c-AlN lay-

ers and w-AlN layers within CrN/AlN multilayer coatings in-situ compression, bending and

tensile tests inducing different strain states on the compound were conducted and explained

in more detail in the next paragraphs.

Sample Preparation

Fracture studies dealing with the investigation of samples in the micro scale needs an exten-

sive preparation. In order to determine reliable fracture values for each specific test approach

a proper sample preparation has to be found. As we want to exclude effects of substrates

on the fracture behavior of the multilayers and avoid also uncontrolled damage of the sub-

strate to the coating interface an etching process was used to prepare free-standing coatings.

Therefore, the selected areas were etched by a stirred potassium hydroxide (30 wt.%) aque-

ous solution for 1 h at 60 ◦C. After chemical etching, the specimens were cleaned in distilled

water and ethanol. The final step of preparation was accomplished by using a focused ion

beam (FIB) workstation. Here depending on the different fracture tests cantilever and pillars

providing different geometries were prepared from free-standing coatings as described in the

respective chapters.

Compression Tests

The influence of cubic and wurtzite structured layers in CrN/AlN multilayers on the fracture

behavior was investigated by in-situ compression tests using a field emission scanning electron

microscope (Zeiss, LEO 982). For representative fracture stress values numerous micro-pillars

(2× 1× 1 µm3) from the free-standing coatings shown in Fig. 3.5 were prepared and tested.

The pillars were loaded using a conical diamond microindenter (ASMEC, UNAT) with a

punch diameter of 20 µm. As shown in Fig. 3.5 the fracture behavior of the multilayer

coatings was observed from the top, looking on the surface of the top layer of the coating

(CrN layer) and the side view providing the observation of both, the surface of the top

layer and the stacked layers with their interfaces. During the tests the loading speed was

kept constant at 85 nm/s for the pillars observed from the top view but 5 nm/s for the

pillars observed from the side view in order to get more information about the role of the

interface during cracking. The generated load–displacement curves of the coating pillars

were calculated to engineering stress–displacement values according to [111].
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3.5 Mechanical Investigations

Figure 3.5: (a) SEM micrograph of CrN/w-AlN multilayer pillar prepared by FIB milling
having dimensions of 2 × 1 × 1 µm3. The loading area is marked in red. (b) Top view and
(c) side view of the coatings prepared by FIB milling.

The tests clearly demonstrate higher fracture stresses for the CrN/c-AlN multilayers com-

pared to the monolithically grown CrN and CrN/w-AlN multilayers. Moreover, stress versus

displacement curves are linear elastic until fracture occurs for all coatings investigated. The

multilayer coatings with cubic stabilized AlN layers inhibit crack propagation while the frac-

ture pattern of w-AlN containing coatings are characterized by shearing at the interface, as

presented in paper 5.2. This behavior can be attributed to a phase transformation of c-AlN

to w-AlN by a volume increase of 26% as mentioned in section 3.1.

As shown schematically in Fig. 3.6 loading of CrN/w-AlN multilayer coatings (a) induces

tensions between the layers which lead to an opening within the weak bonded incoherent

interfaces [62]. Hence, shearing off the interfaces within this cracked part in the coating can

be observed. In contrast, loading of CrN/c-AlN multilayer coatings (b) induces also tensions

at the interface but promotes also stress-induced-phase-transformation of the metastable

cubic AlN structure to the stable wurtzite AlN structure providing increased volume. This

avoids dissociation of the CrN and AlN layers and sustains the coating for higher loads.

Bending Tests

In-situ bending tests of free-standing mico-cantilevers with dimensions of 1×1×8 µm3 were

conducted using a Leo, XB1540 equipped with a picoindenter (Hysitron PI-85). Detailed

information about the preparation of such micro-cantilevers can be found in [112]. The test

was executed in load controlled mode. In order to avoid bending of the free-standing coating
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3.5 Mechanical Investigations

Figure 3.6: Schematic of compression tests of (a) CrN/w-AlN (without phase transformation)
and (b) CrN/c-AlN (interface closing mechanism due to phase transformation) multilayer
coatings.

Figure 3.7: (a) Schematic image of the bending test alignment. SEM images of CrN/w-AlN
multilayer cantilever (b) before, (c) during and (d) after loading.

a micro-manipulator pulling against the onset of the pillar was used to stabilize the system

against contortion, as shown schematically in Fig. 3.7. During loading, the cantilevers were

observed from the side view providing the layer structure and the interfaces of the multilayers.

Figure 3.7 displays SEM images of the cantilever before (b), during (c) and after (d) the test.

Although the scanning speed during the test was set to high frequencies no crack formation

and propagation could be observed as the crack energy of formation seems to be higher than

the energy needed for crack propagation. Therefore, in future experiments a definite surface

defect in form of a pre-crack (notch) has to be introduced.

Load and displacement of the indenter were recorded during the bending experiments en-

abling the determination of the fracture stress. The measurements shown in Fig. 3.8 re-

veal increased fracture stresses for the CrN/c-AlN (∼ 4000 MPa) than for the CrN/w-AlN
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3.5 Mechanical Investigations

Figure 3.8: Fracture stress of CrN/c-AlN (red) and CrN/w-AlN (blue) with their corre-
sponding fracture pattern after bending test.

Figure 3.9: Schematic drawing of the in-situ bending test alignment in TEM. The interface
structure provided for investigations is marked in green and red, respectively.

(∼ 3300 MPa) multilayer. The fracture patterns after the tests exhibit no significant differ-

ences.

To demonstrate phase transformation of c-AlN into w-AlN in the CrN/AlN multilayer coat-

ings during loading detailed investigations of in-situ bending tests within a TEM are in

preparation. Figure 3.9 shows, that the cantilever has to be prepared in a way to provide

the layer structure from the top view for the in-situ bending tests (marked by green and red

areas). Furthermore, the sample has to be prepared very thin to be suitable for transparent

investigations which will be performed by focused ion beam.
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3.5 Mechanical Investigations

Figure 3.10: Anton Pharr tensile stage TS 600.

Tensile Tests

For detailed investigations of the crack path CrN/AlN multilayer coatings having cubic and

wurtzite AlN structure were analyzed after tensile tests. Here the coatings were deposited on

polymer substrates at lower temperatures (Tdep = 200 ◦C) compared to the coatings tested

in bending and compression mode (Tdep = 470 ◦C). During deposition, the thin substrate

was fixed at the ends to avoid twisting due to residual stresses of the coating.

The coated polymer samples with an origin length of ∼ 23 mm were climbed and strained

in an Anton Paar Tensile Stage TS 600, see Fig. 3.10.

During the test, the top view image of the strained coating was recorded in steps of 1,

2, 4, 6, 8, 10, 12, 14, 16, and 18% of elongation by means of a light optical microscope

which were then correlated to the recorded strain–elongation curve, compare Figs. 3.11 and

3.12, respectively. Since residual stresses cause deflection of the sample leveling by loading

in tension at the beginning of the test induce diagonal cracks (with regard to the loading

direction) which do not contribute significant for further evaluation. The strain at which the

cracks starts to appear perpendicular to the tensile direction gives a measure of the tensile

fracture strength of the film. Furthermore, the steady state spacing between the cracks can

be analyzed to get the ultimate shear strength of the interface as reported in Refs. [113, 114].

Figure 3.12 reveals clearly higher crack density but finer cracks for the CrN/c-AlN multilayer
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Figure 3.11: Stress–elongation curve recorded during tensile test of CrN/c-AlN and CrN/w-
AlN multilayers deposited on polymer substrates.

Figure 3.12: Top-view of the surface of (a) CrN/c-AlN and (b) CrN/w-AlN multilayer coat-
ings after 1, 2, 4, 6, 8, 10, 12, 14, 16, and 18% elongation providing cracks perpendicular to
the strain direction. The first 4 pictures indicate diagonal cracks resulting from leveling the
deflected sample.

(a) compared to the CrN/w-AlN coating (b) which can be attributed to higher energy of

crack propagation needed than for crack formation (Eform < Eprop). Therefore it can be

concluded that the crack propagation is more inhibited in the c-AlN containing multilayer.

Within this work the coating area including cracks of both multilayers was exposed by using

a FIB (Leo, XB1540) providing cross sectional observation and the investigation of the crack
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3.5 Mechanical Investigations

Figure 3.13: Cross sectional SEM images of the fracture pattern of (a) CrN/c-AlN and (b)
CrN/w-AlN multilayer coatings on polymer substrate after 18% elongation.

path after the tensile test (18% of elongation) in more detail (Fig. 3.13). The images clearly

demonstrate crack deflection of the coatings with c-AlN (Fig. 3.13a) at the interfaces while

the CrN/w-AlN multilayer (Fig. 3.13b) seems to have less influence on the crack propagation

as this sharp deflection of the crack at the interface could not be observed.

Future investigations by HRTEM may focus on the possible influence of a phase transforma-

tion on the crack behavior. Therefore suitable samples for HRTEM investigations providing

the crack edges of the strained coatings have to be prepared by FIB.
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Chapter 4

Summary of Publications and

Contribution to the Field

Publication I

CrN/AlN multilayer coatings are well investigated over a wide range of composition and ar-

chitectural design. However, when focusing on superlattice coatings, with layer thicknesses

in the nm range, a thorough study on the structural evolution and mechanical properties

influenced by the individual layer thicknesses is missing. Therefore CrN/AlN superlattice

coatings with AlN layer thicknesses of 1, 2 and 3 nm and CrN layer thicknesses ranging

from 1 to 10 nm were studied in detail on their mechanical and structural evolution as well

as on the size-structure relations to stabilize c-AlN. Our investigations indicate a minimum

layer ratio of ≥ 1 for each system to stabilize cubic structured multilayer coatings. Other-

wise polycrystalline nanostructured films (mixed cubic and wurtzite phases) will be formed.

Hardness measurements indicate maxima of 31 GPa, for the cubic superlattice coatings with

1 and 2 nm AlN, while a slightly lower peak value of Hmax ∼ 28.5 GPa could be obtained

for the coatings with 3 nm.

Publication II

CrN/AlN superlattice coatings are well known for their high strength and hardness. Never-

theless, only few investigations deal with their thermal stability and the thermo-mechanical

properties. Hence this work is devoted to the influence of the differences in structure on the

thermal behavior of magnetron sputtered CrN/AlN superlattices. Based on HRTEM investi-

gations combined with DSC, XRD and hardness measurements after annealing up to 1500 ◦C

we conclude that the individual layer thicknesses contribute to either cubic (CrN/AlN ratio

≥ 1) or mixed wurtzite with cubic structure (CrN/AlN ratio < 1) and retard the diffu-

sion process of N2. The columnar structure and grain boundaries of the coating with mixed

wurtzite and cubic structure are interrupted while cubic stabilized CrN/AlN coatings exhibit
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large columnar grains and long grain boundaries providing optimal diffusion paths. This is

also confirmed by an earlier and highly pronounced endothermic reaction detected during

DSC for the fully cubic structured coating. Hence, these coatings are characterized by a

drop in hardness after annealing up to 1000 ◦C while the coatings having mixed structure

provide nearly the same hardness as in the as-deposited state (H ∼ 23.5 GPa). The results

clearly demonstrate improvement of the thermal behavior of CrN/AlN superlattice coatings

when adjusting the morphology by individual layer thicknesses and structure.

Publication III

High thermal stability and oxidation resistance as well as increased mechanical properties

make ceramic-like hard coatings to a very valuable material class for various industrial ap-

plications. Here we study various multilayer architectures of CrN/AlN, Cr0.4Al0.6N/AlN and

Cr0.37Al0.6Y0.03N/AlN and the effect of the AlN layer thickness (3 or 10 nm, hence mainly

cubic or wurtzite structure) while keeping the overall AlN-layer content below 14%, on their

mechanical and thermal properties. While the hardness of the Cr-based nitride layers is not

influenced by the addition of thin c-AlN layers, due to the small overall content, the forma-

tion of wurtzite AlN for the ∼ 10 nm thin layers results in loss of coherency and formation

of smaller domains during growth also in the Cr-based nitride layers. Thereby, the hard-

ness is slightly increased to 26, 30, and 33 GPa of as deposited CrN/AlN, Cr0.4Al0.6N/AlN

and Cr0.37Al0.6Y0.03N/AlN coatings when compared to the monolithic Cr-based nitrides. Al-

though, especially the thicker AlN layers are inclined to fully transform to the stable wurtzite

structure upon annealing, which also triggers the formation of Cr2N of the Cr-based nitride

layers, their hardness remains at the as deposited value up to Ta = 900 ◦C and even in-

creases for the Cr0.37Al0.6Y0.03N/AlN multilayers up to 36 GPa. This study clearly shows

the importance of a well adjusted coating architecture for optimized performance.

Publication IV

Ceramic-like coatings in particular, transition metal nitrides, such as CrN are well known

and investigated with respect to their microstructure, morphology, thermal and mechanical

properties. However, the brittleness of such ceramic-like coatings often negatively influences

their performance especially when used in conditions with an increased need for crack resis-

tance. Therefore, this work is devoted to a new design of ceramic like coatings to increase

their fracture toughness. Single-layered CrN and multi-layered CrN/AlN, with either cubic

(c) or wurtzite (w) AlN layers, were investigated for their fracture toughness using in-situ

scanning electron microscopy (SEM) compression tests. Therefore, coating material pillars

(1 × 1 × 2 µm3) were prepared by focused ion beam out of the ∼ 1µm thin coatings. Our

investigations show that the CrN coating as well as the CrN/w-AlN multilayer coating ex-

hibit a spontaneous and fatal cracking behavior as soon as the compressively applied load
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exceeds 5.3 and 3.8 GPa, respectively. Detailed SEM studies of the CrN/w-AlN coatings

exhibit preferred crack propagation along the c-CrN and w-AlN interfaces. Contrary, in-situ

SEM observations during compressive loading of the CrN/c-AlN multilayer coating pillars

suggest a ductile-like behavior, as an initiated crack only slowly propagates and even experi-

ences deflections. This is based on the displacive (diffusion-less) transformation paths from

c-AlN towards wurtzite w-AlN with the connected pronounced volume increase of ∼ 26%.

This leads to an increase in the maximum allowed, compressively applied loading to 6.8 GPa

before failure occurs. The study presents a powerful design allowing for the development of

a new class of AlN toughened hard coatings.

Contribution to the field

CrN/AlN multilayer coatings with layers in the range of few nanometers, called superlat-

tice, provide high thermal stability and superior hardness when having epitaxial structure.

Hence the investigations of publication I and II contribute to the cubic stabilization of AlN

in CrN/AlN superlattices. Deposition parameters were defined allowing for controlled depo-

sition of uniform layers in the nanometer scale. Here, a clear dependence of the individual

layer thickness on the cubic stabilization of AlN and the influence on the microstructure

is shown. In a further step mechanical and thermal properties reveal to be also influenced

by the microstructure as the cubic stabilized AlN provide highest hardness while the mixed

structured AlN layers increase the thermal stability due to retarding the nitrogen diffusion.

Thus, the study clearly demonstrates that a sophisticated knowledge on layer-structure prop-

erty is necessary to allow for deposition of high performance hard protective and thermal

stable coatings.

Recently published studies showed increased thermal and mechanical behavior from CrN to

CrAlN and CrAlYN coatings. Therefore publication III focused on the influence of 3 and

10 nm thin AlN layer thicknesses within these CrN-based coatings on structure, thermal

and mechanical properties. This experimental study provides fundamental knowledge for

subsequent fracture mechanisms as the AlN layers below 3 nm were stabilized by coherency

strains to its cubic metastable phase otherwise mixed cubic and wurtzite structure were

observed.

Research in the field of fracture toughness especially for ceramic coatings becomes more im-

portant in the last years. Hence different options of coating modifications and architectures

were found and investigated with regard to increased fracture toughness in numerous publi-

cations. Based on the results from publication III further investigations concentrate on the

effect of a stress-induced-phase-transformation on fracture toughening which is well known

from yttria toughening zirconia. In publication IV AlN is presented as a high potential ma-

terial allowing for promising results for increased fracture toughness in ceramic coatings. In
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order to investigate the influence of epitaxial stabilized AlN layers on the fracture toughness

of CrN-based coatings basic knowledge has been gained by testing CrN/AlN multilayers.

The development of suitable testing methods for generating significant results for the fracture

mechanism of multilayer coatings represents an essential point of this thesis. Therefore,

numerous information about the preparation of small freestanding micro samples and the

execution of micro-mechanical in-situ compression, bending and tensile tests using FIB and

SEM were gathered. The results in compression mode demonstrate crack arrest effects

and higher fracture stresses for CrN/AlN multilayers when having a fully cubic structure

compared to monolithically grown CrN coatings while w-AlN layers cause shearing at the

interface exhibiting lowest stresses. For the observation of the fracture mechanism during

bending tests a notch has to be introduced. Nevertheless, also bending tests reveal higher

fracture stresses for the cubic stabilized CrN/AlN multilayer coatings. A novel design was

shown for the tensile tests. Here the crack path after tension of the multilayer coatings is

presented on polymer substrates excluding possible substrate effects.

Future investigations may focus on the fracture toughening by stress induced phase trans-

formation in CrN/AlN multilayers in more detail. Therefore, downscaling to in-situ micro-

mechanical tests using TEM is a further step to provide essential fundamentals for increased

fracture toughness in ceramic coatings.
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[11] S. Vepřek and M. J. Veprek-Heijman, Surf. Coat. Technol. 202, 5063 (2008).

[12] I. Petrov, P. B. Barna, L. Hultman, and J. E. Greene, J. Vac. Sci. Technol. A 21,

S117 (2003).
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M. Schlögl, B. Mayer, J. Paulitsch, P.H. Mayrhofer

Manuscript submitted to Thin Solid Films.

Publication II

Influence of the CrN and AlN thicknesses on the thermal and mechanical properties of

CrN/AlN superlattice coatings
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Influence of CrN and AlN layer thicknesses on structure and mechanical properties of
CrN/AlN superlattices

M. Schlögl,1, 2 B. Mayer,1 J. Paulitsch,2 and P.H. Mayrhofer2

1Department of Physical Metallurgy and Materials Testing,
Montanuniversität Leoben, A-8700 Leoben, Austria

2Institute of Materials Science and Technology, Vienna University of Technology, A-1040 Vienna, Austria

Based on their outstanding chemical, physical and mechanical properties, CrN/AlN multilayer
coatings are the topic of many research activities. Our results for CrN/AlN superlattice coatings
with AlN layer thicknesses of 1, 2 and 3 nm combined with CrN layer thicknesses ranging from 1
to 10 nm suggest that the CrN layer thicknesses need to be at least as thick as the targeted AlN
layer thicknesses to provide sufficient strength for a fully stabilization of the AlN layers in their
metastable cubic structure by epitaxial strain. Otherwise, the AlN layers tend to crystallize in their
stable hexagonal (wurtzite type) structure leading to the loss of coherency between alternating CrN
and AlN layes. Hardness maxima of 31.0 GPa are obtained at a bilayer period Λ of 3 and 5.5 nm,
for the fully cubic superlattice coatings composed of 1 and 2 nm thin AlN layers, respectively. Due
to the reduced number of interfaces per coating thickness, only a hardness maximum of ∼ 28.5 GPa
at Λ = 6.3 nm can be obtained for the coatings composed of 3 nm thin AlN layers.

Our study clearly demonstrates that the structural and mechanical properties of superlattice
CrN/AlN coatings not just depend on the bilayer period but on the individual layer thicknesses.

Keywords: magnetron sputtering, superlattice coating, CrN/AlN, wurtzite, cubic, hardness, structure

I. INTRODUCTION

Multilayer coatings composed of different metal ni-
trides such as CrN or TiN and AlN are widely used for
numerous applications [1–7], as they allow for optimized
properties, e.g. thermal stability or fracture toughness
[8, 9], by simply varying the individual layer materials
and their thicknesses. Especially, synthesizing multilayer
coatings with epitaxially grown layers having thicknesses
in the nanometer range–so-called superlattice coatings–
are able to provide superior hardness values [7, 10–12].
Such an increase in mechanical properties, as compared
to their individual single-layered counterparts, can only
be obtained if the alternating layers show a significant
difference in their elastic constants, bonding energies and
their dislocation-line energies [3, 13]. Furthermore, the
layer with the lower dislocation-line energy has to be
thin enough to inhibit dislocation-generationmechanisms
[13]. The results of Kim and Lin et al. indicate that
CrN/AlN superlattice coatings exhibit a 1.6 times higher
hardness value as their single-layered counterpart coat-
ings. The peak hardness value of ∼ 42 GPa was obtained
for a bilayer period Λ of 4.1 nm [7, 12]. However, such an
increase in hardness can only be obtained if the AlN layer
is stabilized in its (metastable) cubic (face centered cubic,
NaCl prototype, B1) structure, for simplicity abbreviated
with c-AlN. Within the TiN/AlN and CrN/AlN multi-
layer systems the AlN layers can only be stabilized in
their metastable cubic structure up to layer thicknesses of
∼ 3 nm. For thicker layers the stable hexagonal (hexag-
onal close packed, ZnS-wurtzite prototype, B4) w-AlN
phase is preferred [12, 14]. However, variations in the
strain and interface energy can also lead to a reduction
of the critical AlN layer thickness (e.g., to 1.95 nm for
TiN/AlN [15]) before w-AlN is preferred. Chawla et al.

[16] showed, that the stabilization of c-AlN within mul-
tilayers strongly depends on the elastic properties, the
crystallographic orientation and lattice parameters of the
other layer material, as well as the strength of the sub-
strate.
Although there are many studies on the influence of

the bilayer period Λ on the mechanical properties of
CrN/AlN multilayer coatings, the effect of the individ-
ual layer thicknesses of CrN or AlN is still not explored
in detail. Consequently, the aim of this work is to inves-
tigate the influence of the individual CrN and AlN layer
thicknesses on the structure and mechanical properties.
Therefore, CrN/AlN multilayer coatings with AlN layer
thicknesses of 1, 2 and 3 nm combined with variations
of the CrN layer thicknesses from 1 to 10 nm were pre-
pared and investigated for their morphology, structure
and mechanical properties.

II. EXPERIMENTAL

CrN/AlN superlattice coatings were deposited on Si
1 0 0 strips (20 × 7 × 0.38 mm3), using an AJA Orion
5 lab scale deposition unit equipped with one 3” Cr
(99.9% purity) and two 2” Al (99.9% purity) targets. The
base pressure of the chamber was always below 0.1 mPa.
Prior to all depositions the Si substrates were thermally-
cleaned at 500 ◦C for 20 min as well as Ar ion etched at
a pressure of 4 · 10−2 mbar (4 Pa). The depositions were
carried out in a mixed Ar/N2 glow discharge at a work-
ing gas pressure of 4 · 10−3 mbar (0.4 Pa). The Ar to N2

flow ratio was kept constant for all runs at 2/3 and the
temperature was set to 470 ◦C. CrN/AlN superlattice
coatings were prepared by using a computer controlled
powering device allowing for alternately dc-powering of
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FIG. 1. XRD scans in Bragg Brentano configuration of CrN/AlN multilayer coatings with (a) 1 nm, (b) 2 nm and (c) 3 nm thin
AlN layers and increasing CrN layer thicknesses (represented by the labeled bilayer period Λ, in nm). The 1st order satellite
peaks are marked with m = −1. The standard peak positions for c-AlN, c-CrN and w-AlN are added, as given in the ICDD
data base [17].

the Cr and Al targets for different time periods at 250 W.
During deposition a −70 V rf-biasing of the substrates
was used to ensure dense coating morphologies.

Structural investigations and bilayer measurements of
the as deposited films were conducted by high angle X-
ray diffraction (XRD) in the Bragg-Brentano mode using
a Bruker AXS D8 diffractometer equipped with a Cu Kα

radiation source (λ = 1.5456 nm).

Detailed characterizations of our multilayers were con-
ducted by transmission electron microscopy (TEM),
within a Phillips CM12 microscope, operating at 120 kV
as well as by high resolution transmission electron mi-
croscopy (HRTEM) using a Tecnai F20 operating at
200 kV.

Measurements of the indentation hardness (H) of
the coatings on Si substrates were conducted with a
CSIRO ultra micro indentation system equipped with a
Berkovich-tip and evaluated using the loading and un-
loading segments according to Oliver and Pharr [18].
Residual stresses σ of our coatings were determined by
biaxial residual stress measurements using the substrate-
curvature method [19].

III. RESULTS AND DISCUSSION

A. Structure and Morphology

Structural investigations of our CrN/AlN multilayer
coatings by XRD analysis in Bragg Brentano configura-
tion are shown in Figs. 1a, b and c for AlN layer thick-
nesses of 1, 2 and 3 nm, respectively, and variations for
their CrN layer thicknesses resulting in the given bilayer
periods Λ. The latter are calculated after Yashar et al.
[4] using the first order satellite peak positions, marked
in Fig. 1 with m = −1. These satellite peaks suggest
the formation of a superlattice structure of our CrN/AlN
multilayers. The calculated bilayer periods are in excel-
lent agreement with our TEM investigations (next para-
graph) which were furthermore used to identify the in-
dividual AlN layer thicknesses. The results demonstrate
a single phase cubic structure for all multilayer coatings
with 1 nm thin AlN layers, see Fig. 1a, independent of the
bilayer period (i.e., CrN layer thickness variation). The
XRD patterns also suggest–by the narrowing of the XRD
peaks–an increase in grain size with increasing bilayer
period. Such an increase in grain size is expected based
on the transition from competitive to preferential crystal
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growth with increasing layer thickness and furthermore,
the grain size for thin layers is also limited by the layer
thickness. However, the structures of CrN/AlN superlat-
tice coatings composed of 2 and 3 nm thin AlN layers are
more sensitive to the CrN layer thicknesses, see Figs. 1b
and c, respectively. Keeping the bilayer period Λ ≤ 3.5
and 4.5 nm (hence, the CrN layers thinner than 1.5 nm),
Figs. 1b and c, respectively, result in a decrease of the
cubic crystallinity degree. The results suggest even an
XRD amorphous structure, or at least for a dual-phase
mixed wurtzite-cubic structure. For these systems the
CrN layer thicknesses are too thin to allow for a fully
epitaxial-strain-induced stabilization of the AlN phase in
its metastable cubic structure. Increasing the bilayer pe-
riod to values above 4.5 and 6.3 nm (hence, CrN layers
thicker than 2.5 and 3.3 nm), Figs. 1b and c, respectively,
results in a well-defined cubic structure of the CrN/AlN
multilayers. The results obtained clearly show that a
fully stabilization of the AlN layers in their metastable
cubic structure is only obtained if the CrN layers are at
least as thick as the AlN layers combined with the con-
dition that the AlN layers need to be thinner than 3 nm.

To investigate the influence of the CrN layer thick-
nesses on the structure of the AlN layers in more detail,
HRTEM investigations of our coatings with bilayer peri-
ods of 2 and 3 nm (1 nm thin AlN layers), 3.5 nm (2 nm
thin AlN layers) as well as 4.2 and 6.3 nm (3 nm thin AlN
layers) were carried out, Figs. 2, 3 and 4, respectively.
The images clearly show the multilayer architecture of
our coatings and confirm the bilayer periods calculated
from the satellite peaks obtained by XRD investigations,
Fig. 1. The multilayers exhibit a dense morphology and
columnar grains, elongated in the growth direction. The
images of the CrN/AlN coatings with 1 nm thin AlN lay-
ers and Λ = 2 nm, Figs. 2a and b, and Λ = 3 nm, Figs. 2c
and d, indicate continuing lattice fringes throughout the
CrN and AlN layers, as well as sharp interfaces between
them. Fast Fourier Transformation (FFT) of these coat-
ings, insets in Figs. 2b and d, proof the face centered
cubic structure of the AlN layers and suggest 1 1 1 and
2 0 0 lattice-plane distances of 2.37 and 2.06 Å, respec-
tively [20]. For these coatings, the CrN layers are strong
enough to provide a template effect for the AlN layers.
For the coating with the smallest bilayer period of 2 nm
combined with a 1 nm thin AlN layer, hence a CrN layer
thickness of ∼ 1 nm, the data suggest that the only 1 nm
thin AlN layer does not provide a sufficiently high strain
to break coherency to the cubic CrN layer. Hence, also
for this combination with an extremely thin CrN layer of
only ∼ 1 nm a fully cubic structure is obtained.

If the AlN layer thickness is increased to 2 nm, Figs. 3a
and b for Λ = 3.5 nm, the results are a bit different. A
bilayer period of 3.5 nm, which corresponds to CrN layer
thicknesses of 1.5 nm, is not sufficient to fully stabilize
the 2 nm thin AlN layers in their metastable cubic struc-
ture. Hence, epitaxial growth of the layers is interrupted–
as now the AlN layers prefer a different structure as the
underlying CrN layers–leading to necessary re-nucleation

FIG. 2. TEM and HRTEM cross section images of CrN/AlN
multilayer coatings with 1 nm thin AlN layers and a bilayer
period Λ of 2 nm (a and b) and 3 nm (c and d), respectively.

FIG. 3. TEM (a) and HRTEM (b) cross section images of
CrN/AlN multilayer coating with 2 nm thin AlN layers and
a bilayer period of Λ = 3.5 nm.

events for the subsequent CrN layers. This results in the
observed discontinuity of the columnar growth, Fig. 3a.
FFT analyses of the AlN layers, inset in Fig. 3b, con-
firm the XRD findings, Fig. 1b, of additional non-cubic
structural contributions and suggest hexagonal additions.
The alternation of preferably cubic (c-CrN) and hexago-
nal (w-AlN) layers, leads to an inhibited crystal growth
and the formation of a more polycrystalline nanostruc-
tured nature of the CrN/AlN coating.

However, increasing the bilayer period to 5.5 nm which
corresponds to an increase of the CrN layer thicknesses to
2.5 nm, allows for fully stabilizing the AlN layers in their
metastable cubic structure as shown by XRD, Fig. 1b.
Hence, a structure corresponding to the results obtained
for the CrN/AlN superlattice coatings composed of 1 nm

Publication I

P
u
b
lic

a
ti
o
n
I

41



4

FIG. 4. TEM and HRTEM cross section images of CrN/AlN
multilayer coatings with 3 nm thin AlN layers and a bilayer
period Λ of 4.2 nm (a and b) and 6.3 nm (c and d), respec-
tively.

thin AlN layers with a fully epitaxial growth of the CrN
and AlN layers will be formed, Figs. 2a and c.
TEM and HRTEM cross sectional investigations of

CrN/AlN multilayers with AlN layer thicknesses of
around 3 nm, Figs. 4a and b for Λ = 4.2 nm and Figs. 4c
and d for Λ = 6.3 nm, further confirm the previous sug-
gestions and findings. If the CrN layers are thinner than
the AlN layers they are not able to provide the necessary
strength to stabilize the AlN layers in their metastable
cubic structure by epitaxial strain, Figs. 4a and b. The
competitive growth of cubic and hexagonal structured
AlN grains leads to a loss of coherency and a more ran-
domly oriented mixed crystalline structure, see the FFT
inset in Fig. 4b. If the CrN layers are thicker than the
AlN layers, a fully epitaxial relation between these lay-
ers can be obtained leading to a complete stabilization
of AlN in the metastable cubic structure, FFT inset of
Fig. 4d. Consequently, the growth of crystals during
deposition is not interrupted leading to a well-defined
columnar morphology, Fig. 4c.

B. Mechanical Properties

The hardnesses of our CrN/AlN multilayer coatings
with 1, 2 and 3 nm thin AlN layers exhibit a pronounced
and comparable dependence on their bilayer periods,
Fig. 5, which is typical for superlattice coatings as pre-
sented for CrN/AlN, CrN/CrAlN and TiN/VN in Refs.
[2, 10, 21]. The coating systems with 1, 2 and 3 nm
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FIG. 5. Hardness measurements (H) of our CrN/AlN super-
lattice coatings with 1 nm (triangle), 2 nm (balls) and 3 nm
(diamond) thin AlN layers as a function of their bilayer period
Λ.

thin AlN layers, yield their peak hardness values of 31.0,
31.0 and 28.5 GPa at Λ = 3, 5.5 and 6.3 nm respec-
tively. When compared with the corresponding single-
layered boundary systems, with H ∼ 22 GPa for CrN
and H = 14–20 GPa for w-AlN [22], an increase in hard-
ness by around 40% can be obtained due to the super-
lattice effect. In addition, also the stabilization of AlN
in its metastable cubic structure plays an important role.
The pronounced hardness increase due to the superlat-
tice structure is mainly based on the hindered dislocation
generation and motion by the nm-sized alternating lay-
ers providing different shear moduli and dislocation-line
energies. Hence, propagation of dislocations across the
different layers of CrN and AlN is extremely difficult,
as reported by Koehler et al. [13, 23–25]. To prop-
agate dislocations from the lower-shear-moduli-layer to
the higher-shear-moduli-layer (i.e., from c-CrN to c-AlN)
additional strains are necessary, to be reflected by the
increased hardnesses. The result obtained are in good
agreement with ab initio calculations, indicating compa-
rable shear moduli G for c-CrN (∼ 140 GPa [26]) and w-
AlN (∼ 116 GPa [27]), whereas for c-AlN a nearly twice
as high value is obtained with G ∼ 220 GPa [28]. Conse-
quently, for coatings with thin CrN layers–which do not
provide the required strength to fully stabilize the AlN
layers in their metastable cubic structure–the hardness
increase is not as pronounced as for thicker CrN layers,
which allow for a fully cubic stabilization of the AlN lay-
ers.
However, a further increase in CrN layer thicknesses

results in a decline of the hardness towards that of single-
layered CrN (H ∼ 22 GPa) for all multilayer systems in-
vestigated with 1, 2 and 3 nm thin AlN layers. This can
be explained by the reduction of the interface density
(i.e., number of interfaces along the coating thickness)
and consequently changes in the stress/strain state with
increasing the layer thicknesses as described by the 2D
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FIG. 6. Biaxial residual stresses (σ) of our CrN/AlN super-
lattice coatings with 1 nm (triangle), 2 nm (balls) and 3 nm
(diamond) thin AlN layers as a function of their bilayer period
Λ.

model of dislocation pile-ups from Anderson and Li [29],
and by the reduction of the grain size hardening effect
(i.e., Hall-Patch effect [30]). An increased layer thickness
allows not only for generation of new dislocations–as now
dislocation sources such as Frank-Read sources [31] can
be active–but also enables them to move long distances
[4]. Therefore, a layer should be thin to hinder the gen-
eration of dislocations but thick enough to avoid that
also the number of dislocation loops per layer decreases.
If there are too few dislocation loops also less strain is
necessary to operate the dislocation sources, resulting in
lower hardness values [4, 29]. The combination of these
effects can explain the lower hardness maximum for the
fully cubic superlattice coatings composed of 3 nm thin
AlN layers when compared to their counterparts with 1
and 2 nm thin AlN layers. Also the hardness decrease
with decreasing bilayer period below 3, 5.5 and 6.3 nm
for the three systems with 1, 2 and 3 nm thin AlN layers,
respectively, is based on the combination of their effects.
The layer should be thin to hinder dislocation-generation
but thick enough to allow for dislocation-interaction. For
the coatings with CrN/AlN layer thickness-ratios (in nm)
of 1.5/2, 1.2/3 and 1.5/3 the hardness reduction is further
influenced by the additional effect of losing the epitaxial
relationship between the CrN and AlN layers and the
thereby connected preference of AlN to crystallize in the
wurtzite phase exhibiting a lower shear moduli, as de-
scribed above. Please remember, this occurs if the CrN
layer is thinner than the AlN layer.

A comparable dependence on the bilayer period as ob-
tained for the hardnesses exhibit also the stresses of the
coatings as obtained from cantilever beam bending meth-
ods, Fig. 6. The coatings which show the highest hard-
nesses also have the highest compressive stresses. This is

also indicated by the XRD (Fig. 1) as highest peak posi-
tion deviations from the standard position are observed
for the coatings having also the highest hardnesses. With
decreasing AlN layer thicknesses the peak-formation of
stresses becomes sharper as a function of the bilayer pe-
riod and the stress-profiles are shifted to lower bilayer
periods and higher compressive stress values. This de-
pendence can be attributed to the increasing number of
layers and consequently the increasing number of inter-
faces. For the superlattice coatings composed of 3 nm
thin AlN layers the variation of compressive stresses is
almost within the error of measurement as a function of
the different bilayer periods.

IV. CONCLUSIONS

The influence of the individual layer thicknesses of
CrN and AlN on structural and mechanical properties
of CrN/AlN superlattices prepared by DC reactive mag-
netron sputtering is studied in detail. We used AlN layer
thicknesses of 1, 2 and 3 nm and varied the corresponding
CrN layers between 1 and 10 nm. Based on XRD, TEM
and HRTEM we can conclude that a fully stabilization
of the AlN layers in their metastable cubic structure can
be achieved up to an AlN layer thickness of 3 nm with
the condition that the CrN layers neeed to be at least
as thick as the AlN layers. For thinner CrN layers, espe-
cially the 2 and 3 nm thin AlN layers tend to crystallize in
their stable wurtzite structure. CrN/AlN layer-thickness
ratios above 1 allow for a fully cubic structure and a pro-
nounced hardness maximum of H = 31 GPa for 1 and
2 nm thin AlN layers combined with a bilayer period Λ
of 3 and 5.5 nm, respectively, andH = 28.5 GPa for 3 nm
thin AlN layers combined with Λ = 6.3 nm.
The study clearly demonstrates that especially for su-

perlattice coatings containing AlN layers it is extremely
important to concentrate on the individual layer thick-
nesses as well as on the bilayer period. The layers pro-
viding epitaxial relationship to stabilize the AlN layer in
the targeted metastable cubic structure need to be strong
and thick enough, but at the same time thin enough to
allow for a pronounced hardness increase by the super-
lattice effect.
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Influence of the CrN and AlN thicknesses on the thermal and mechanical properties
of CrN/AlN superlattice coatings
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CrN/AlN superlattice coatings are well known for their high strength and hardness. Neverthe-
less, only few investigations deal with their thermal stability and the thermo-mechanical properties.
Recently we showed that the structural evolution of AlN layers during growth of CrN/AlN super-
lattices not only depends on its own layer thickness but also strongly on the thickness of the CrN
layers. Fully cubic stabilized multilayers are obtained when the AlN layers are thinner than 3 nm
combined with CrN/AlN layer thickness ratios above 1. Here we show that with increasing AlN layer
thickness the thermal stability of the CrN/AlN superlattice coatings increases. Furthermore, higher
thermal stability and thermo-mechanical properties are obtained when the CrN layer thickness is
reduced to a minimum, regardless of the AlN layer thickness and structure. Even after vacuum
annealing to 1100 ◦C their hardness is almost at the as as-deposited value of 23.5 GPa. The results
are supported by differential scanning calorimetry and thermo gravimetric measurements combined
with X-ray diffraction after various annealing steps.

I. INTRODUCTION

Ceramic-like hard coatings such as CrN and TiN are
highly valued for a wide range of applications in high
temperature, abrasive and corrosive environments [1–5].
Alloying Al to these binary coating systems indicated
increased mechanical properties and moreover thermal
stability and oxidation resistance due to the formation of
a dense protective aluminium oxide layer [6–14]. How-
ever, the metastable solubility limit of AlN within the
Cr1−xAlxN and Ti1−xAlxN coatings, to form face cen-
tered cubic (c, NaCl) structures, limits the optimization
of these coatings by simply increasing the AlN content
[10, 15]. In addition to monolithically grown coatings
also multilayer coating architectures became increasingly
important, as they allow to combine individual layers
creating numerous interfaces which can act as obstacles
for the inward and outward diffusion of ion species [16].
This is important to effectively increase the thermal sta-
bility. Cubic structured CrN/AlN multilayer coatings
with an optimized bilayer thickness in the nanometer
range (superlattice coatings) exhibit superior mechanical
properties when compared to monolithically grown CrN
or Cr1−xAlxN coatings [16–20]. While the structure of
ternary Cr1−xAlxN coating systems is mainly influenced
by the content of Al, the structure and consequently the
mechanical properties of the CrN/AlN multilayer coat-
ings are mainly affected by the individual layer thick-
nesses of AlN and CrN, as shown by several research
groups [16, 21, 22].

Even though structural and mechanical properties of
CrN/AlN superlattice coatings are investigated in detail,
only few publications concentrate on the thermal behav-
ior of such coatings. Lin et al. observed for wurtzite AlN
containing CrN/AlN multilayer coatings a poor oxidation
resistance when annealing up to 1100 ◦C in ambient air
[23]. However, stabilizing CrN/AlN in the cubic struc-

ture with increased AlN layer thicknesses should result
in enhanced thermal properties due to the formation of a
protective alumina outer-layer, as well as due to the lay-
ered structure and stabilization against decomposition at
elevated temperatures [18, 19].
Recently we investigated the influence of CrN layer

thickness on the stabilization of c-CrN/AlN superlattice
coatings and their resulting mechanical properties [22].
Here we study the influence of the different bilayer peri-
ods and structure obtained within our CrN/AlN super-
lattice coatings on their thermal behavior.
Our results clearly indicate that superior properties in

the as deposited state do not also guarantee for increased
thermal resistance, and demonstrate the need of detailed
knowledge on the field of application.

II. EXPERIMENTAL DETAILS

CrN/AlN superlattice coatings were deposited in a
laboratory scaled unbalanced magnetron deposition unit
(AJA Orion 5) equipped with one Cr (99.9% purity)
and two Al (99.9% purity) targets with a diameter of 3”
(76.2 mm) and 2” (50.8 mm), respectively, on sapphire
(10×10×0.53 mm3) and Si platelets (7×21×0.35 mm3)
as well as on copper foil (�114 × 0.05 mm3). Af-
ter evacuating the chamber to a back pressure of be-
low 1 · 10−7 mbar (0.1 mPa) the sapphire was thermal-
cleaned at 500 ◦C for 20 min as well as rf Ar ion etched
for 5 min at a total pressure of 4 · 10−4 mbar (0.04 Pa).
The depositions were carried out in an Ar/N2 gas mixture
(ratio of 40/60%) at a working pressure of 4 · 10−3 mbar
(0.4 mPa) and the temperature were set to 470 ◦C. Dur-
ing deposition a −70 V rf-biasing of the substrates was
used. The layer thickness in the CrN/AlN superlattice
coatings were adjusted by a computer controlled device
which alternately dc-powered the Cr and Al targets for
different periods at 250 W. Due to the different thick-
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nesses of CrN and AlN layer the number of layers varied
from 250 to 580 to provide constant total coating thick-
ness of ∼ 1.5 µm for all coatings.
The investigation of phase transformation and ther-

mal resistance of our multilayer coatings were conducted
on grinded coating powder (after chemical removal of
their Cu-substrates using a diluted nitric acid) by com-
bining differential scanning calorimetry (DSC) and ther-
mal gravimetric analyzes (TGA) in a SETSYS Evolution
TMA (Setaram instrumentation) calorimeter. The mea-
surements were accomplished in He atmosphere at tem-
peratures up to 1500 ◦C with a constant heating rate of
20 ◦C/min.
The crystal structure of the coated Si (as deposited

state) and powdered coating (as deposited and annealed
state) was investigated by X-ray diffraction (XRD) anal-
ysis, using a Bruker AXS D8 diffractometer equipped
with a Cu Kα (λ = 1.54056 nm) radiation source in the
Bragg-Brentano configuration. A Tecnai F20 high reso-
lution transmission electron microscope (HRTEM) oper-
ating at 200 kV was used to examine the bilayer period
and the crystal structure of the multilayers. The anneal-
ing of the coated sapphire and the thin film powder was
executed in a vacuum furnace (HTM Reetz GmbH, base
pressure < 5 · 10−4 Pa) from 700 to 1500 ◦C in steps of
100 ◦C with a heating and cooling rate of 20 ◦C/min and
a holding time of 20 min. The hardness (H) measure-
ments of coated sapphire in the as-deposited state and
after annealing up to 1100 ◦C were accomplished in a
CSIRO ultra micro indentation system equipped with a
Berkovich-tip and evaluated after the Oliver and Pharr
method [24]. The maximum load was set to 20 mN and
the indentation depth was kept below 10% of the film
thickness in order to minimize possible substrate inter-
ference.

III. RESULTS AND DISCUSSION

Investigations of variations in the individual layer
thicknesses of CrN/AlN multilayer coatings showed a
significant influence on the structure (especially of the
AlN layers) and hence mechanical evolution in the as de-
posited state [22]. For detailed thermal investigations
six CrN/AlN multilayer systems, indicating the mini-
mum hardness values (CrN/AlN layer thicknesses of 1/1,
1.5/2 and 1/3 nm, Fig. 1a-c, respectively) as well as the
maximum hardness values (CrN/AlN layer thicknesses of
2/1, 3.5/2 and 3/3 nm, Fig. 2a-c, respectively) are vac-
uum annealed up to 1300 ◦C and further investigated.
As already pointed out in [22] the coatings with 2 and
3 nm thin AlN layers having a CrN/AlN ratio ¡ 1 ex-
hibit no well-defined XRD peaks in the as-deposited state
(Figs. 1b and c), while all other coatings show a clear
overall cubic structure, see Fig. 1a and Figs. 2a, b and
c. The XRD pattern of our coatings with CrN/AlN ra-
tios ≤ 1 shown in Fig. 1, indicate a slight shift to higher
angles of the individual reflexes after annealing up to
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FIG. 1. XRD pattern of CrN/AlN superlattice coatings in the
as deposited state and annealed up to 1300 ◦C with CrN/AlN
layer thicknesses of (a) 1/1 nm, (b) 1.5/2 nm and (c) 1/3 nm.
The standard peak positions for h-AlN, c-AlN, c-CrN, hcp-
Cr2N and bcc-Cr are added, as given in the ICDD data base
[25–27].
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900 ◦C for the cubic samples (Fig. 1a) while the coat-
ings exhibiting wurtzite (w, which is the stable struc-
ture of AlN) and cubic structures (AlN can be stabi-
lized by coherency strains in the metastable cubic struc-
ture [16, 22, 23], Figs. 1b and c) suggest separation and
growth of cubic CrN and wurtzite AlN domains. Further
annealing to 1000 ◦C is indicated by initial precipitation
of w-AlN and the transformation of CrN into hexago-
nal close packed (hcp) Cr2N, as also shown by Willmann
et al. [9], for all coating systems investigated. However,
at Ta = 1200 ◦C, the mixed structured coating with 3 nm
thin AlN layers (Fig. 1c) exhibit still Cr2N fractions while
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FIG. 3. HRTEM cross section images of as deposited CrN/AlN multilayer coatings with 3 nm AlN and (a) 1 nm and (b) 3 nm
CrN layer thickness.

the coatings having smaller amount of AlN (Figs. 1a and
b) indicate already fully recrystallized w-AlN and body
centered cubic (bcc) Cr (due to completed dissociation
of CrN towards Cr and N2).

Even though the multilayers having a CrN/AlN ratio of
> 1 indicate an overall cubic structure in the as deposited
state with the highest hardness values, see also [22], all
our multilayers show an early decomposition towards bcc-
Cr and w-AlN at Ta = 1100 ◦C.
As our coating with a CrN/AlN layer ratio of 1/3 nm

show increased thermal stability within the systems in-
vestigated HRTEM investigations in the as-deposited
state are carried out and compared with cubic stabilized
3/3 nm CrN/AlN. Here, the fully cubic stabilized coat-
ings (Fig. 3a) demonstrate large columnar grains elon-
gated trough out the individual layers. Hence, decreased
thermal stability for this coating can be attributed to
the long linear column boundaries towards the growth
direction over the whole coating thickness (see Fig. 3a)
providing optimal diffusion paths. On the other hand the
epitaxial growth is interrupted for the coatings having a
CrN/AlN layer ratio of 1/3 nm, as the only 1 nm thin
CrN layers are not able to fully stabilize the 3 nm thin
AlN layers in their cubic structure by providing the nec-
essary coherency strength. Consequently, the AlN layers
tend to crystallize in their stable wurtzite structure which
breaks coherency and forces renucleation. Thereby, the
easy diffusion channels (especially provided by the col-
umn boundaries) with an almost direct access to the am-
bient atmosphere are blocked. Consequently, the nitro-
gen, formed by dissociation of CrN towards bcc-Cr and
N2, cannot that easily escape leading to an increase in
internal N2-pressure which retards the dissociation pro-
cess.

Additional DSC and TGA investigations of superlat-
tices with CrN/AlN layer-thickness ratios of 1/3 and
3/3 nm are presented in Figs. 4a and b, respectively.
The DSC measurements clearly exhibit exothermic fea-
tures up to ∼ 900 ◦C which are replaced or superimposed
by pronounced endothermic contributions at higher tem-
peratures. These endothermic contributions are con-
nected with a pronounced mass loss, as detected by TGA,
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FIG. 4. (a) DSC and (b) TGA curves up to 1500 ◦C in inert
atmosphere (He) of CrN/AlN superlattice coatings with 3 nm
thin AlN combined with 1 nm thin CrN (dashed red line) or
3 nm thin CrN (solid blue line).

Fig. 4b, and are more pronounced for the superlattices
composed of 3 nm thin CrN layers. The obtained mass
loss due to dissociation of CrN to bcc-Cr and N2 is in
perfect agreement to the CrN content of the individ-
ual CrN/AlN superlattices. The theoretical mass loss of
the superlattices with CrN/AlN layer-thicknesses of 1/3
and 3/3 nm is 8 and 14%, respectively, if the CrN lay-
ers fully dissociate into bcc-Cr and N2. The onset of the
endothermic reaction is at slightly higher temperatures
(∼ 950 ◦C) for the coatings composed of 1 nm thin CrN
layers. This is mainly attributed to the more complex
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positions for h-AlN, c-AlN, c-CrN, hcp-Cr2N and bcc-Cr are added, as given in the ICDD data base [25–27].

diffusion pathways for the coatings composed of 1 nm
thin CrN layers, as these have no pronounced columnar
growth, see previous paragraph.

However, for a better understanding also XRD ana-
lyzes after DSC measurements up to 950 and 1500 ◦C
were conducted, see Fig. 5. The coating with 3 nm thin
CrN layers exhibit already for Ta = 950 ◦C clear indi-
cations for the formation of Cr2N and even Cr, whereas
the coating composed of 1 nm thin CrN layers exhibits
mainly growth of the w-AlN phases. This is in perfect
agreement to the afore mentioned reduced dissociation
process for the coating composed of 1 nm thin CrN layers,
as here N2-release is inhibited due to the more complex
diffusion pathways. XRD analysis for Ta = 1500 ◦C show
for both coating types the expected structure composed
of bcc-Cr and w-AlN.

Figure 6 demonstrates the hardness of our CrN/AlN
multilayer coatings with (a) 1, (b) 2 and (c) 3 nm thin
AlN layers combined with variations of CrN layer thick-
ness from 1 to 10 nm deposited on sapphire in the
as-deposited state (as already shown in [22]) and af-
ter annealing up to 1100 ◦C. As our hardness curves
indicate comparable trends within the variations the
main discussion will focus on the six systems (CrN/AlN
layer-thicknesses of 1/1, 1.5/2 and 1/3 nm, red circles;
2/1, 3.5/2 and 3/3 nm, blue squares) discussed in this
manuscript. The measurements reveal a hardness maxi-
mum in the as-deposited state of 31 GPa for the super-
lattice coatings with 1 and 2 nm thin AlN layers and
28.5 GPa for the coating composed of 3 nm thin AlN
layers, as already shown in [22]. Contrary, the coatings
composed with the thinnest CrN layer thicknesses exhibit
the lowest hardnesses as a function of the bilayer period,
see [22] for more details. Therefore we will concentrate
on these two coating-systems of the superlattices com-
posed of 1, 2, and 3 nm thin AlN layers. Due to the
thermal expansions mismatch between coatings and sap-
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FIG. 6. Hardness characteristics of CrN/AlN superlattice
coatings with (a) 1 nm, (b) 2 nm and (c) 3 nm thin AlN layers
combined with CrN layers with thicknesses of 1 to 10 nm for
Ta up to 1100 ◦C.

phire substrates spallation of some coatings occurred due
to the thermal annealing up to 1100 ◦C. The hardness
profiles for the superlattice coatings with CrN/AlN layer
thicknesses of 2/1, 3.5/2, and 3/3 nm, which are all fully
cubic structured and exhibit the peak-hardness in the as
deposited state, (full lines) indicate a pronounced hard-
ness reduction for Ta ≥ 1000 ◦C. This is especially pro-
nounced for the coating with CrN/AlN layer thicknesses
of 2/1 nm. After annealing at Ta = 1100 ◦C the coat-
ings with CrN/AlN layer thicknesses of 2/1, 3.5/2, and
3/3 nm exhibit only hardness ofH ∼ 6.5, 11 and 14 GPa,
respectively. However, such a pronounced hardness re-
duction is not observed for the coating with CrN/AlN
layer thicknesses of 1/1 nm and for the coatings having
CrN/AlN layer-thickness ratios < 1. Especially the coat-
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ings composed of CrN/AlN layer thicknesses of 1/1, 1.5/2
and 1/3 nm still exhibit hardness values in the range of
∼ 23.5 GPa after Ta = 1100 ◦C.

IV. CONCLUSIONS

The thermal stability and the thermo-mechanical prop-
erties of CrN/AlN superlattice coatings with AlN layer
thicknesses of 1, 2 and 3 nm combined with CrN layer
thickness variations from 1 to 10 nm were investigated.
HRTEM investigations indicate large grains elongated in
the growth direction throughout the layers for the cubic
stabilized multilayers, whereas the films with wurtzite
und cubic phases show shorter columns and a more
equiaxed growth morphology. Based on our results from
DSC, TGA and XRD measurements up to Ta = 1500 ◦C
and hardness measurements of coatings of sapphire up
to Ta = 1100 ◦C we can conclude that the coatings
with an interrupted columnar growth and minimum CrN
layer thickness exhibit the highest thermal stability. The

columnar structure and especially the column boundaries
provide ideal pathways for diffusion processes. These
coatings provide almost no resistance against the dissoci-
ation of CrN towards bcc-Cr and N2. The coatings with a
more equiaxed morphology, which is especially obtained
for thin CrN layers–these are too weak to fully support a
cubic stabilization of the alternatingly grown AlN layers–
exhibit a more retarded CrN dissociation. The hardness
curves as a function of Ta support these findings as es-
pecially the coatings with a more equiaxed morphology
and thin CrN layers demonstrate enhanced mechanical
properties with hardness values of around 23.5 GPa even
after annealing at temperatures as high as 1100 ◦C.
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Influence of AlN Layers on Mechanical Properties and Thermal Stability of Cr-Based
Nitride Coatings

M. Schlögl,1 J. Paulitsch,1 J. Keckes,2 and P.H. Mayrhofer1

1Department of Physical Metallurgy and Materials Testing, Montanuniversität Leoben, Austria
2Department of Materials Physics, Montanuniversität Leoben, Austria

Based on their excellent thermal stability and mechanical properties ceramic-like hard coatings
are highly valued for various industrial applications. Here we study the effect of additional AlN
layers (3 or 10 nm thin) on the mechanical and thermal properties of cubic CrN, Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N. To focus our research on the influence of the additional layers, but minimizing
the influence of the additional phase, we kept the overall AlN-layer content at a minimum (< 14%).
The hardness of the cubic Cr-based nitride layers is not influenced by the addition of coherently
grown 3 nm thin AlN layers, due to their small overall content. The formation of wurtzite AlN, for
the ∼ 10 nm thin layers, breaks the coherency to the cubic Cr-based nitride layers. Thereby re-
nucleation is promoted, resulting in a smaller grain size and consequently an actual hardness increase
of about 3 GPa for CrN/AlN, Cr0.4Al0.6N/AlN and Cr0.37Al0.6Y0.03N/AlN coatings, respectively,
when compared to the monolithically grown cubic Cr-based nitrides or the multilayers containing
c-AlN. Both multilayer types, with 3 and 10 nm thin AlN layers, exhibit a similar dependence of
their hardness on the annealing temperature. The hardness maximum of 36 GPa was obtained for
the Cr0.37Al0.6Y0.03N/AlN multilayers after annealing at 900 ◦C. This study clearly demonstrates
that even a small addition of thin AlN layers to CrN and Cr0.37Al0.6Y0.03N nitride layers increases
their mechanical response to annealing treatments.

Keywords: magnetron sputtering; multilayer coatings; CrN/AlN, CrAlN/AlN, CrAlYN/AlN coating; hard-
ness; thermal stability

I. 1. INTRODUCTION

CrN based protective coatings are widely used for
molds, tools, dies as well as automotive and aerospace
applications due to their high hardness and outstanding
corrosion as well as oxidation resistance [1–8]. Conse-
quently, there are numerous reports on the microstruc-
ture, morphology, thermal and mechanical properties
of such coatings [9–11]. The ever growing demand on
improved properties led to the development of ternary
and multinary coatings like Cr1−xAlxN, Ti1−xCrxN,
Cr1−x−yAlxYyN as well as multilayered coatings such as
TiN/CrN, CrN/AlN and CrN/Cr1−xAlxN, just to name
some Cr-based nitride layers [12–21].

Especially by the alloying and combination with Al and
AlN, the chemical and mechanical properties of transi-
tion metal nitrides like CrN and TiN (to name the most
prominent representatives) could further be improved
and optimized [22–27]. For example, ternary Cr1−xAlxN
and Ti1−xAlxN coatings, where Al substitutes for Cr or
Ti in their CrN and TiN based face centered cubic (c)
lattice (B1, Fm3̄m), respectively, exhibit improved hard-
ness, oxidation resistance and thermal stability as com-
pared to their binary counterparts CrN and TiN. Fur-
ther improvement (towards increased thermal stability)
of such ternary nitrides have been obtained by alloying
with Yttrium [12, 24, 25, 28–31]. Not only due to alloy-
ing, properties of coatings can be modified and improved,
but also due to their architecture as shown by reports
dealing with multilayer and superlattice coatings [32–40].
Especially for superlattice coatings, the mechanical prop-
erties are strongly influenced by the layer thickness of the

individual alternating layers and consequently their bi-
layer period [41–44]. For example superlattice CrN/AlN
coatings exhibit a peak-hardness of around 45 GPa when
the bilayer period is ∼ 3 nm [18, 20].
Whereas CrxN crystallizes in the cubic NaCl or in the

hexagonal close packed Fe2N (hcp, P63/mmc) structure
for a Cr/N ratio x of ∼ 1 and ∼ 2, respectively, depend-
ing on the N2 partial pressure used during deposition
[45, 46] the stable configuration of the AlN line compound
is the hexagonal wurtzite (w) ZnS (B4, P63mc) struc-
ture. By coherency strains AlN can also be stabilized in
its metastable cubic NaCl high pressure polymorph [47],
as shown by Lin et al. [18] for AlN layer thicknesses below
3.3 nm in a CrN/AlN multilayer arrangement [18]. The
formation of a CrN/AlN multilayer with either cubic or
hexagonal AlN layers strongly depends on the strain en-
ergy available and the energy for dislocation formation
[48].

The development of multilayers, especially with AlN
layers is additionally highly motivated based on ab ini-
tio data suggesting that there exist displacive (diffusion-
less) transformation paths [49] from cubic AlN towards
wurtzite AlN with the connected pronounced volume in-
crease of ∼ 26% [50]. This effect can be used to influence
the propagation of cracks, resulting in a type of trans-
formation toughening effect. Consequently we study the
influence of additional cubic and hexagonal structured
AlN layers (by simply changing the AlN layer thickness
from 3 to 10 nm) on the structure development, me-
chanical and thermal properties of CrN, Cr1−xAlxN and
Cr1−x−yAlxYyN coatings. Furthermore, keeping the ad-
ditional AlN layer content at a minimum (< 14%) of the
overall coating volume fraction allows a comparison be-
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tween the monolithically grown Cr-based nitride coatings
and their multilayer arrangements. Contrary, literature
reports basically concentrate on multilayer or superlat-
tice coatings composed of comparable layer thicknesses.

II. 2. EXPERIMENTAL DETAILS

CrN/AlN, Cr1−xAlxN/AlN and Cr1−x−yAlxYyN/AlN
multilayer coatings and their Cr-based monolithic coat-
ings were deposited onto sapphire (1 1̄ 0 2) (10 × 10 ×
0.53 mm3), Si (1 0 0) (20×7×0.38 mm3), and low-carbon-
steel foil (�114 × 0.05 mm3) using an AJA Orion 5 lab
scaled magnetron sputter deposition unit, equipped with
2-inch (50.8 mm) Al, Cr, Cr0.4Al0.6 and Cr0.39Al0.59Y0.02

targets (purity 99.99%, PLANSEE SE, Lechbruck).
Prior to the depositions the targets were sputter-cleaned
(14.8 W/cm2) for 3 minutes and the substrates were rf-
etched for 5 minutes in an Ar glow discharge at a to-
tal pressure of 3 Pa after evacuating the chamber to a
back-pressure of below 1 · 10−5 Pa. The depositions were
carried out at a total pressure of 0.3 Pa, using a mixed
Ar/N2 glow discharge with a gas flow ratio of 40/60 (4
sccm Ar and 6 sccm N2), a continuous substrate holder
rotation of 50 revolutions/min, and keeping the substrate
temperature at 500 ◦C. The multilayers were prepared
by operating the Cr, Cr0.4Al0.6 or Cr0.39Al0.59Y0.02 cath-
odes with 300 W dc and the Al cathode simultaneously
with 200 W rf. A computer controlled shutter system (di-
rectly above the targets) allowed for a periodical arrange-
ment of alternating Cr-containing nitride layers (shutter
open for 600 s, 10 layers) and AlN (shutter open for 120
or 600 s, for two individual deposition series, 10 layers).
During deposition a 70 V rf-biasing of the substrates was
used.
The hardness (H) was obtained from coated sapphire

using a CSIRO ultra micro indentation system equipped
with a Berkovich-tip and analyzing the unloading curve
by the Oliver and Pharr method [51]. Multiple indents
with maximum normal loads varying from 20 to 10 µN
in steps of 0.5 µN were carried out to allow statistically
relevant hardness values. Furthermore due to this the
indentation depth was kept below 10% of the film thick-
ness to minimize any influence by the substrate. The
overall thicknesses of our coatings were evaluated by the
ball-crater-technique using a CSM CaloTest. Structural
and phase analyses of as-deposited and annealed samples
(see next paragraph) were conducted by X-ray diffrac-
tion (XRD) in Bragg Brentano mode using a Bruker
AXS D8 diffractometer equipped with a Cu Kα radia-
tion source (λ = 1.54056 nm, scan speed = 1.2 s/step,
step size = 0.02◦).
Coated sapphire substrates (for hardness measure-

ments) and coating materials (after removal from their
low-carbon-steel foils using a diluted nitric acid, and
crunched to a fine powder) were annealed in a Reetz vac-
uum furnace for 20 min at temperatures Ta up to 1500 ◦C
using a heating and cooling rate of 20 ◦C/min.

Scanning electron microscopy (SEM) and energy dis-
persive X-ray analysis (EDX) for the evaluation of the
coating morphology as well as composition, respectively,
were conducted by a Zeiss EVO 50 microscope, using an
operating voltage of 20 kV. More detailed investigation
on the coating morphologies were conducted by transmis-
sion electron microscopy (TEM) with a Phillips CM12
operating at 120 kV and high resolution transmission
electron microscopy (HRTEM) with a Tecnai F20 oper-
ating at 200 kV. To prepare TEM transparent samples
coated Si substrates, mechanically polished to a thickness
of around 50 µm, were ion etched using a GATAN pre-
cision ion polishing system PIPS, with an incident angle
of 4◦ and an acceleration voltage of 3.5 keV. A final low
ion energy (∼ 2.5 eV) polishing step was conducted for
around 10 min to reduce the ion damaging areas.
X-ray elastic strains ε200 were determined by measur-

ing the positions of CrN 200 reflections. Since the X-ray
elastic constants of the newly designed coatings are not
known, the residual stresses were not evaluated.

III. RESULTS AND DISCUSSIONS

A. Structure and Morphology

The single layer (monolithic) nitride coatings prepared
from the Cr, Cr0.4Al0.6 and Cr0.39Al0.59Y0.02, and Al tar-
gets (using identical deposition conditions as for the mul-
tilayers) exhibit a chemical composition corresponding
to CrN, Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N and AlN, re-
spectively. All coatings investigated exhibit a dense mor-
phology with a fibrous structure and smooth surfaces.
Cross sectional TEM investigations of the two sets of
CrN/AlN, Cr0.4Al0.6N/AlN and Cr0.37Al0.6Y0.03N/AlN
multilayers (prepared with either 120 or 600 s of open
shutter above the Al target, see experimental) sug-
gest AlN layer thicknesses of either 3 or 10 nm, shown
here for Cr0.37Al0.6Y0.03N/AlN in Fig. 1. Already the
TEM investigations indicate (by the continuing grain
contrast throughout the AlN layers) that the ∼ 3 nm
thin AlN layers are epitaxial to the cubic Cr-based
nitride layers, Figs. 1a and b show as an example
Cr0.37Al0.6Y0.03N/AlN. The cross-sectional HRTEM im-
age, Fig. 1c, nicely presents the continuing lattice fringes
throughout the AlN layer. The small inset gives a Fast
Fourier Transformation (FFT) of the AlN layer with
2.05 Å for the (2 0 0) lattice spacing.
Continuing crystalline domains throughout the AlN

layers cannot be observed for the multilayers having
thicker (∼ 10 nm) AlN layers, Figs. 1d and e. Whereas
at the interface to the Cr-based nitride layers continu-
ing lattice fringes may suggest for epitaxial like behav-
ior, within the AlN layers the random orientation, indi-
cate loss of epitaxy and a hexagonal structure, Fig. 1f.
The FFT image (small inset) points towards a wurtzite
structure with 2.485 and 2.663 Å for the (0 0 2) and (1 0 0)
lattice spacings. These observations are in good agree-
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FIG. 1. TEM and HRTEM cross section images of as-deposited Cr0.37Al0.6Y0.03N/AlN multilayer coatings with (a–c) 3 nm
and (d–f) 10 nm AlN layer thicknesses and small FFT insets of the AlN layers indicating (c) cubic and (f) wurtzite structure.
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FIG. 2. XRD scans of as-deposited (a) CrN/AlN, (b)
Cr0.4Al0.6N/AlN and (c) Cr0.37Al0.6Y0.03N/AlN multilayer
coatings with 3 nm and 10 nm AlN layer thickness. The stan-
dard peak positions for cubic Cr, Cr0.4Al0.6N (calculated from
the lattice parameter a = 4.11 Å [15]) and cubic CrN as well
as for hexagonal w-AlN are added, as given in the ICDD data
base [52]. The small peak in the uppermost diffraction pat-
tern on the left-hand side of 0 0 2 from w-AlN originates from
the aperture of the XRD system (as proven by using different
aperture sizes).

ment with literature showing that AlN layers can be epi-
taxially stabilized in their metastable cubic structure for
layer thicknesses ≤ 3 nm [18, 53].
The XRD patterns of the CrN/AlN, Cr0.4Al0.6N/AlN

and Cr0.37Al0.6Y0.03N/AlN multilayer systems with 3
and 10 nm AlN layers compared with their respective
individual monolithic layers are given in Fig. 2. Cor-
responding to the TEM and HRTEM investigations the
XRD data confirm a solely cubic structure for the Cr-
based nitride layers and multilayers composed of 3 nm
thin AlN layers and indications of a w-AlN phase for
the multilayers having 10 nm thin AlN layers. For the
CrN/AlN with 10 nm thin AlN layers the w-AlN phase
can almost not be detected as here the cubic Cr-based
nitride layer content is around 1.5 times higher than for
the Cr0.4Al0.6N/AlN and Cr0.37Al0.6Y0.03N/AlN multi-
layers. This is based on our experimental setup where
we kept the numbers of layers constant and for identical
deposition conditions CrN (layer thickness ∼ 100 nm)
shows an around 1.5 times higher deposition rate than
Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N.
As the lattice parameter a of CrN (∼ 4.15 Å) deceases

with the addition of Al to ∼ 4.11 Å for Cr0.4Al0.6N [15]
their cubic XRD peaks are shifted towards larger diffrac-
tion angles as compared to the standard CrN position
(from the ICDD data base [52]). The addition of Y leads
to an increase of a to 4.13 Å for Cr0.37Al0.6Y0.03N [15],
and hence the cubic XRD peaks are shifted to smaller
diffraction angels as compared to Cr0.4Al0.6N.
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B. Mechanical Properties

While CrN has elastic strains of approximately
1.15 ·10−3, the Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N coat-
ings have elastic strains of around −2.58 ·10−3 and
−2.86 ·10−3, respectively, in the as-deposited state,
Fig. 3a. The formation of multilayers with 3 and
10 nm thin AlN layers only slightly decreases the elas-
tic strains for CrN from approximately 1.15 ·10−3 to
around 6.69 ·10−4, respectively. Contrary, the elastic
strains of Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N are strongly
influenced by their multilayer arrangements and increase
from −2.58 ·10−3 to −5.23 ·10−3 and from −2.86 ·10−3

to −7.47 ·10−3, respectively by adding 3 nm thin AlN
layers. This increase is attributed to coherency strains
between the Cr-based layers and the cubic stabilized
3 nm thin AlN layers. As the lattice parameter differ-
ence is larger between c-Cr0.37Al0.6Y0.03N (∼ 4.13 Å)
and c-AlN (∼ 4.06 Å) [54] than between c-Cr0.4Al0.6N
(∼ 4.11 Å) and c-AlN, the increase in elastic strains, due
to the multilayer arrangement with 3 nm thin c-AlN, is
more pronounced for c-Cr0.37Al0.6Y0.03N, see Fig.3a. A
further increase of the AlN layer thickness from 3 to
10 nm leads to a further increase in elastic strains to
−6.15 ·10−3 and −7.73 ·10−3 for Cr0.4Al0.6N/AlN and
Cr0.37Al0.6Y0.03N/AlN, respectively. Here, the loss of
epitaxy between Cr-based layers and AlN, due to the
increased AlN layer thickness, would lead to a reduc-
tion of the strains which is more than compensated by
the formation of hexagonal AlN with its ∼ 26% larger
volume as compared to c-AlN [50]. The different be-
havior in strains of the monolithically grown CrN coat-
ing as compared to Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N,
Fig. 3a, can be explained by their different morphology.
While CrN exhibits a pronounced columnar structure
with underdense regions at the column boundaries (re-
sponsible for even tensile strains [55]) the Cr0.4Al0.6N
and Cr0.37Al0.6Y0.03N coatings exhibit a fully dense fine
columnar structure (not shown here, but we refer to
[15]). Therefore, the latter two exhibit even compressive
strains.

The different behavior in strains of CrN to Cr0.4Al0.6N
and Cr0.37Al0.6Y0.03N can be explained by the morphol-
ogy and the fact of an increased amount of the CrN phase
as the layer thickness of CrN is ∼ 1.5 times higher com-
pared to the other ones.

The hardnesses H indicate a slightly different depen-
dency on the AlN layer thicknesses used, as shown in
Fig. 3. Whereas the hardness of CrN, Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N with ∼ 23, 26 and 30 GPa, respec-
tively, is almost unaffected by the additions of 3 nm
thin AlN layers, it increases to ∼ 26, 30 and 33 GPa
by the addition of 10 nm AlN layers. The small differ-
ence between monolithically grown Cr-based layers and
their corresponding multilayers with 3 nm thin cubic sta-
bilized AlN layers is mainly based on following reasons.
The overall volume fraction of AlN is rather small with
∼ 2.9% for the CrN/AlN multilayer and ∼ 4.8% for
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FIG. 3. (a) Elastic strains (ε) and (b) hardness (H) of CrN,
Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N and their multilayer ar-
rangements with 3 nm and 10 nm thin AlN layers.

the Cr0.4Al0.6N/AlN and Cr0.37Al0.6Y0.03N/AlN multi-
layers. Furthermore, due to the coherent growth of the
thin AlN layer on the Cr-based nitride layers, the grain
size is almost not influenced, compare Fig. 1a. When in-
creasing the AlN layer thickness to 10 nm, their volume
fraction increases to 9.1 and 14.3%, respectively, but also
their structure changes from cubic to hexagonal. This
causes breaking of coherency to the Cr-based layers dur-
ing growth leading to a smaller crystalline grain size also
within the Cr-based layers. This is confirmed by TEM
investigations, Fig. 1d, and the XRD patterns, Fig. 2,
exhibiting lower peak intensities connected with a larger
broadening for the multilayers with 10 nm thin AlN lay-
ers. Hence, the coatings provide more obstacles against
dislocation movement leading to an increase in hardness.

C. Thermal Stability

Figures 4 to 6 show XRD patterns of powdered
coatings of monolithically grown CrN, Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N and their multilayer arrangements
with 3 and 10 nm thin AlN layers, in the as-deposited
state and after annealing in vacuum up to 1500 ◦C. For
easier reading we refer to the multilayers with 3 nm
thin AlN layers with CrN/c-AlN, Cr0.4Al0.6N/c-AlN
and Cr0.37Al0.6Y0.03N/c-AlN and to those with 10 nm
thin AlN layers with CrN/w-AlN, Cr0.4Al0.6N/w-AlN
and Cr0.37Al0.6Y0.03N/w-AlN, based on their major as-
deposited phases.
For the CrN coatings (Fig. 4a) a pronounced peak-shift

to larger angles due to annealing at Ta = 600 ◦C can be
observed suggesting thermal relaxation. Generally the
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FIG. 4. XRD powder scans of (a) monolithic CrN, (b) CrN/c-
AlN and (c) CrN/w-AlN multilayer coatings after annealing
at temperatures Ta up to 1500 ◦C.
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FIG. 5. (XRD powder scans of (a) monolithic Cr0.4Al0.6N,
(b) Cr0.4Al0.6N/c-AlN and (c) Cr0.4Al0.6N/w-AlN multilayer
coatings after annealing at temperatures Ta up to 1100 ◦C.

density of defects (like point, line and area) decreases.
For example, annihilation of point and line defects takes
place as well as dislocation polygonization and rearrange-
ment to lower energy sites [56]. Annealing at 900 ◦C
causes a further shift of the peaks towards the standard
position of c-CrN and a reduction of the peak broaden-
ing, indicative for further relaxation processes (reduction
of macro- and micro-strains) and grain growth. Around
the 2 0 0 peak (at 43.8◦) small indications for additional
phases like h-Cr2N and body-centered cubic (bcc) Cr
point towards the onset of a CrN dissociation. This can
clearly be seen after annealing at Ta = 1000 and 1100 ◦C.
For Ta = 1500 ◦C only bcc Cr can be detected, in agree-
ment to previous studies [7].
The XRD studies of the CrN/c-AlN multilayers

(Fig.4b) suggest an earlier onset for this dissociation. Al-
ready after annealing at 900 ◦C h-Cr2N can be detected
accompanied by the transformation of c-AlN towards w-
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FIG. 6. XRD powder scans of (a) monolithic
Cr0.37Al0.6Y0.03N, (b) Cr0.37Al0.6Y0.03N/c-AlN and (c)
Cr0.37Al0.6Y0.03N/w-AlN multilayer coatings after annealing
at temperatures Ta up to 1100 ◦C.

AlN. With increasing temperature, these transformations
proceed and at 1100 ◦C the Cr-N phase cannot be de-
tected anymore. Due to the small content of AlN in
these coatings almost no w-AlN peak can be detected.
The CrN/w-AlN multilayer (Fig. 4c) shows an earlier on-
set for the CrN dissociation towards h-Cr2N and bcc-Cr.
Furthermore, w-AlN can be detected by XRD already af-
ter annealing at Ta = 600 ◦C. In the as-deposited state,
w-AlN could only be identified by HRTEM and selected
area electron diffraction studies. These results suggest
that the additional interfaces present in the multilayer
coatings and the transformation of c-AlN towards w-AlN,
with the connected increase in specific volume, promotes
the dissociation of CrN towards h-Cr2N and bcc-Cr.
Corresponding observations are obtained for

Cr0.4Al0.6N (Fig. 5a) and the multilayers with c-
AlN (Fig. 5b) and w-AlN (Fig. 5c) as well as for
Cr0.37Al0.6Y0.03N (Fig. 6a) and the multilayers with
c-AlN (Fig. 6b) and w-AlN (Fig. 6c). However, after
annealing at 1100 ◦C the XRD data show only bcc-Cr
in addition to w-AlN, for all these coatings, indicat-
ing a completed decomposition towards their stable
constituents of Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N and
their multilayers, and completed dissociation of the
Cr-N bonds. Nevertheless, no earlier onset of the Cr2N
formation for the Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N
multilayers, compared to their monolithic coatings as
shown for the CrN-based coatings were observed. The
formation of h-Cr2N can be detected after annealing
at 1000 ◦C, with indications for h-Cr2N already at
Ta = 900 ◦C for Cr0.4Al0.6N/w-AlN (Fig. 5c) as shown
by the small shoulder at the left side of the 2 0 0 peak.
This again points towards the observed results for
CrN/AlN, that especially the formation of w-AlN,
with the connected volume increase, promotes the
dissociation of Cr-N bonds. The decomposition process
of Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N towards the stable
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FIG. 7. Integral peak broadening Γ200 of the 2 0 0
XRD peak (∼ 44◦) for (a) CrN, (b) Cr0.4Al0.6N and (c)
Cr0.37Al0.6Y0.03N coatings compared to their corresponding
multilayer arrangements with c-AlN (dashed lines) and w-AlN
(solid lines) for annealing temperatures Ta up to 900 ◦C. The
error bars are in the range of the symbol size.

constituents is presented in more detail in [57].
Based on the XRD studies we can further conclude,

that the CrN based layers and the Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N based layers exhibit different XRD
peak broadening (which is an indication for the inher-
ent microstrains and domain sizes [58]). Figure 7 shows
the integral width, Γ200, of the 2 0 0 peak of the various
coatings as a function of the annealing temperature up to
900 ◦C. The integral width rapidly decreases with Ta for
the CrN based layers (Fig. 7a) to values below 0.4◦ due to
the already mentioned stress relaxation and grain growth.
While the Cr0.4Al0.6N/w-AlN (Fig.7b) also shows de-
creasing Γ200 values from ∼ 1.25 to ∼ 1◦, the mono-
lithic Cr0.4Al0.6N and their multilayer with c-AlN ex-
hibit almost constant Γ200 at ∼ 0.8 and ∼ 1◦. Never-
theless, the multilayer arrangements of Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N (Fig.7c) with w-AlN layers exhibit the
largest values for Γ200 throughout the annealing treat-
ment indicating smallest domain sizes and largest strains.
The Cr0.37Al0.6Y0.03N/w-AlN exhibit even after anneal-
ing at Ta = 900 ◦C Γ200 values above 1.6◦. Further-
more, Γ200 increases for the monolithic Cr0.37Al0.6Y0.03N
to 1.15◦ but decreases for the multilayer with c-AlN to
∼ 1.35◦.
Corresponding to the structural changes, also the hard-

ness values of the coatings investigated change with an-
nealing temperature. The hardness for the monolithi-
cally grown CrN rapidly decreases upon annealing and
is 14± 0.75 GPa for Ta = 900 ◦C, Fig. 8a. This reduc-
tion, based on the XRD studies, is caused by pronounced
relaxation, grain growth processes and the onset of CrN
dissociation and agrees to the integral width Γ200 depen-
dence on Ta, Fig. 7a. When forming a multilayer arrange-
ment with either c-AlN ( 3 nm thin) or w-AlN ( 10 nm
thin) layers theH vs. Ta curve deviates significantly from
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FIG. 8. Hardnesses H of (a) CrN, (b) Cr0.4Al0.6N and (c)
Cr0.37Al0.6Y0.03N coatings compared to their corresponding
multilayer arrangements with c-AlN (dashed lines) and w-AlN
(solid lines) for annealing temperatures Ta up to 1100 ◦C.

that of CrN. Up to 900 ◦C the hardness for both multi-
layer types remains at a high level of 23 GPa, although
the overall AlN content is relatively low < 14 vol%. For
higher annealing temperatures the pronounced CrN dis-
sociation towards Cr2N and Cr results in a very rough
surface and open coating morphology, leading to unreli-
able hardness values (indicated in Fig. 8a).

The hardnesses for Cr0.4Al0.6N and Cr0.4Al0.6N/AlN
multilayers remain at their high as-deposited values
(within the error of measurements) upon annealing to
900 ◦C, Fig. 8b. For higher temperatures the dissociation
of Cr-N bonds again results in a pronounced hardness
loss, but especially for the multilayers, the surface quality
and coating morphology is sufficient for reasonable hard-
ness measurements. In agreement to the XRD studies,
indicating a more stable structure upon annealing and
larger Γ200 values for the multilayers with w-AlN, their
hardnesses for the entire annealing range are highest,
with values ranging from 30 to 32 GPa for Ta ≤ 900 ◦C.

The Cr0.37Al0.6Y0.03N multilayers (Fig. 8c) even ex-
hibit an increased hardness upon annealing to Ta =
900 ◦C. Such an increase in hardness, especially for the
coatings with c-AlN, can be attributed to the first onset
of w-AlN formation hence changed stress/strains field at
the interface near regions, which is in excellent agree-
ment to earlier reports [59–61]. Both multilayer arrange-
ments, with c-AlN or w-AlN, show comparable H vs. Ta

curves, with H = 36 GPa for Ta = 900 ◦C. These coat-
ings show also the largest Γ200 values (above 1◦) over
the entire annealing range, compare Fig. 7c. The hard-
ness of monolithic Cr0.37Al0.6Y0.03N is indicated by a
slight decrease up to 900 ◦C to H = 26 GPa. Further
annealing to Ta = 1100 ◦C causes a drop in hardness to
21± 1.03 GPa for all Cr0.37Al0.6Y0.03N based coatings
according to their structural changes (see Fig. 6).
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IV. SUMMARY AND CONCLUSIONS

Within this work monolithic cubic structured CrN,
Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N as well as their mul-
tilayer arrangements with 3 and 10 nm thin AlN layer
thicknesses were deposited and investigated with respect
to their structural, thermal and mechanical properties.
Based on XRD and HRTEM studies the 3 nm thin AlN
layers exhibit a cubic structure whereas the 10 nm thin
AlN layers exhibit also a wurtzite structure. The 3 nm
thin AlN layer grow epitaxially between the cubic CrN,
Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N layers, whereas inco-
herent interfaces and a wurtzite structure for the 10 nm
thin AlN layers is observed. Due to the small overall AlN
volume fraction of only 5% for the c-AlN and 14% for the
w-AlN multilayer arrangements, the hardness and elas-
tic constants are dominated by the CrN, Cr0.4Al0.6N and
Cr0.37Al0.6Y0.03N layers, and the effect of the AlN lay-
ers on the growth behavior of these Cr-containing nitride
layers. Especially the thicker AlN layers, due to the for-
mation of non cubic areas, interrupt the crystal growth of
the cubic Cr-based nitride layers during growth. There-
fore, their overall microstructure is finer. This is of course
not so pronounced for epitaxial growth of cubic AlN lay-
ers.

Consequently, the multilayers with thicker w-AlN lay-

ers exhibit higher hardness values of ∼ 26, 30, and
33 GPa, in the as-deposited state compared to the mono-
lithically grown CrN, Cr0.4Al0.6N and Cr0.37Al0.6Y0.03N
and their multilayers with thin c-AlN layers with H ∼
22, 26, 30 GPa, respectively. Upon annealing, the
phase transformation of the AlN layers towards the sta-
ble wurtzite structure, with the connected volume ex-
pansion by ∼ 26%, triggers the dissociation of the
Cr-based nitride layers and the formation of Cr2N.
The latter can be observed for Cr0.4Al0.6N/AlN and
Cr0.37Al0.6Y0.03N/AlN for Ta ≥ 1000 ◦C. Decomposi-
tion of the Cr-based nitride layers connected with small
domain sizes especially for the coatings with w-AlN lay-
ers, and large inherent microstrains lead to high con-
stant hardness values even when annealed to Ta =
900 ◦C. The highest hardness values are obtained for
Cr0.37Al0.6Y0.03N/w-AlN exhibiting an increase from the
as-deposited 33 GPa to 36 GPa upon annealing to Ta =
900 ◦C.
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In-situ scanning electron microscopy compression tests clearly demonstrate that a multi-layered
arrangement of CrN and AlN–when stabilized by coherency strains to its cubic metastable phase
for AlN layer thicknesses below 3 nm–exhibits increased fracture toughness as compared to single-
layered CrN. This allows increasing the maximum loading from ∼ 5.25 to 6.8 GPa. If the AlN layers
mainly crystallize in their stable wurtzite structure–for thicknesses above 3 nm–spontaneous and
fatal cracking occurs already for 3.8 GPa loads.

Keywords: sputtering, CrN/AlN multilayers, fracture, crack, coating

Ceramic hard coatings are widely used for various in-
dustrial applications because of their outstanding prop-
erties like high thermal stability, oxidation resistance and
abrasion resistance [1, 2]. Particularly, transition metal
nitrides, such as CrN are well known and investigated
with respect to their microstructure, morphology, ther-
mal and mechanical properties [3–8]. However, the brit-
tleness of these ceramic like coatings often reduces their
field of application due to spontaneous failure as soon
as a crack is initiated. Therefore, many investigations
focus on enhancing the film ductility by architectural ap-
proaches or variations in chemical compositions [2]. Re-
cent studies showed self-healing abilities of MAX phases
after crack-initiation due to the formation of an oxide
phase at the crack tip [9–11]. However, deposition of
a multilayer arrangement indicated to be promising as
due to the interfaces and their differences in elasticity
or morphology, blunting of the crack tip by plastic de-
formation, crack branching or inhibiting of dislocation
movement can be obtained [12–14].

CrN/AlN multilayer coatings are well investigated, as
they show high mechanical properties and oxidation re-
sistance, which are main requirements for advanced ma-
chining and high temperature applications [15, 16]. Fur-
thermore, AlN can be easily stabilized in its metastable
cubic (c) structure within a CrN/AlN multilayer system
by keeping the AlN layer thicknesses below ∼ 3 nm, oth-
erwise the stable wurtzite (w) phase will be formed [17].
Deposition of CrN/AlN multilayer coatings results, due
to the lattice-mismatch of c-CrN (a = 4.149 Å [18]) and
the metastable c-AlN (a = 4.06 Å [19]), in compressive
stresses at the interface near regions of the CrN layers.
Allowing the c-AlN to transform into its stable w-AlN
structure by e.g. an open surface area due to a crack,
the specific volume of AlN will increase by around 26%
[20, 21]. Such an increase at the free surface of a crack can
influence its propagation by absorbing energy, deflecting
or even stopping the crack. Such a strain-induced phase-
transformation of AlN is similar to that of yttrium sta-

bilized tetragonal zirconia polycrystalline (Y-TZP), ex-
hibiting excellent flexural strength and fracture tough-
ness [22–24]. However, evaluating the properties of a few
m thick films is still a challenge. Hence a number of
testing methods such as tensile tests, indentation tests,
scratch tests or blister tests have been developed in re-
cent years, especially for studying the fracture toughness
of thin film materials [25–28].

Within this work a new approach of in-situ scanning
electron microscopy (SEM) micro-compression tests were
conducted to evaluate the fracture mechanism of CrN and
CrN/AlN multilayer coatings. For the latter, the AlN
layers are either ∼ 3 or ∼ 10 nm thin to guarantee for a
cubic-stabilization or not, respectively. Thereby, not only
the influence of cubic-stabilized and non-cubic-stabilized
AlN layers on the fracture behavior is investigated but
also the influence of either coherent or non-coherent inter-
faces. Furthermore, in order to minimize the influence of
the additional AlN phases on the mechanical properties
of the multilayer coatings, we kept the overall AlN-layer
rather small (< 14%), see also [29].

Monolithically grown CrN as well as CrN/AlN multi-
layer coatings, with either 3 or 10 nm thin AlN layers
were deposited on Si (1 0 0) platelets (20× 7× 0.38 mm3)
in an AJA Orion 5 lab scaled unbalanced magnetron
sputtering system. A computer controlled shutter sys-
tem enabled reproducible deposition of coatings with al-
ternating layers of CrN and AlN. Two inch Cr and Al
targets (purity of 99.9%) were used and powered in dc
mode at 14.8 W/cm2 and rf mode at 9.87 W/cm2, respec-
tively. The coatings were prepared in an Ar/N2 mixture
with a flow-rate ratio of 3/2 at a substrate temperature
of 500 ◦C and a total pressure of 0.4 Pa. Prior to de-
positions, the substrates were rf-etched for 5 minutes in
an Ar glow discharge at a total pressure of 3 Pa and the
targets were sputter-cleaned (sputter power density of
14.8 W/cm2 for 3 minutes. During deposition a −70 V
rf-biasing of the substrates was used to assure for a dense
coating morphology. The multilayer arrangement was
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kept similar for all depositions having CrN as starting
layer at the substrate interface and as a top-layer.
Preparation of free-standing micro-pillars (2 × 1 ×

1 µm3) for the micro-compression tests were carried
out by a focused ion beam (FIB) workstation (Zeiss,
XB1540). Prior to FIB preparation the Si substrates
were separated from the ∼ 1 µm thick coatings by dis-
solving in a 60 ◦C heated stirred potassium hydroxide
(30 wt.%) aqueous solution for 1 h.
The fracture behavior of our multilayer coatings was

investigated in a field emission scanning electron micro-
scope (Zeiss, LEO 982). The samples were loaded using a
conical diamond microindenter (ASMEC, UNAT) with a
punch diameter of 20 µm, using a normal loading perpen-
dicular to the growth direction, hence along the interfaces
between CrN and AlN layers.
The mechanical loading of the pillars was performed

in-situ in displacement controlled mode with a con-
stant loading speed of 85 nm/s [30]. The evaluated
load-displacement curves were calculated to engineering
stress–displacement values according to [31].
Detailed investigation on the coating morphologies

were conducted by a Phillips CM12 transmission elec-
tron microscope (TEM) operating at 120 kV and a Tec-
nai F20 high resolution transmission electron microscope
(HRTEM) operating at 200 kV.
All coatings investigated exhibit a dense columnar

morphology with smooth surfaces, not shown. Cross-
sectional TEM investigations of our multilayer coatings

FIG. 1. TEM and HRTEM cross section images of as de-
posited (a,c) CrN/c-AlN (3 nm AlN layers) and (b,d) CrN/w-
AlN (10 nm AlN layers) multilayer coatings. The inset in (c)
and (d) is a FFT image indicating cubic and wurtzite struc-
ture, respectively.

exhibit either ∼ 3 or 10 nm thin AlN layers (bright con-
trasts) see Figs. 1a and b respectively. The CrN layers
(dark contrast) were kept constant at ∼ 110 nm for both
multilayer types. The coatings with ∼ 3 nm thin AlN
layers exhibit large columnar grains expanding over sev-
eral CrN and AlN layers (Fig. 1a), suggesting epitaxial
growth of the CrN and AlN layers. Hence, the AlN layer
should be stabilized in its cubic metastable structure by
epitaxial strain. This is confirmed by HRTEM investiga-
tions clearly suggesting a cubic structure for the ∼ 3 nm
thin AlN layers, as continuous lattice planes through the
c-CrN and AlN layers can be seen, Fig. 1c. Addition-
ally, Fast Fourier Transformation (FFT) evaluations (in-
set in Fig. 1c) confirm the cubic structure for AlN and
indicate a 2 0 0 lattice spacing of 2.06 Å [32]. Increas-
ing the AlN layer thickness to 10 nm leads to a loss of
the epitaxial growth of AlN on CrN, Fig. 1d. Although,
continuing lattice fringes near the CrN/AlN interfaces
can be found, the coherency breaks soon leading to the
formation of new crystals. The FFT of an area in the
middle of the AlN layer (inset in Fig. 1d) represents a
wurtzite-type structure with 0 0 2- and 1 1 1-lattice spac-
ing of 2.485 and 2.663 Å, respectively [33]. Consequently,
also the CrN columnar grains are smaller due to the nec-
essary re-nucleation of the cubic CrN structure on top
of the AlN layers, see Fig. 1b. For an easier reading
we refer to these two multilayers with CrN/c-AlN and
CrN/w-AlN, although the ∼ 10 nm thick AlN layers are
not completely wurtzite structured.

The hardness of the coatings is 23± 1.20 GPa for
CrN, 23± 0.67 GPa for CrN/c-AlN and 26± 0.95 GPa
for CrN/w-AlN as also presented in [29].

In-situ SEM observations during compression testing
of CrN and CrN/w-AlN multilayer coatings are given in
Figs. 2a1-3 and b1-3, respectively. During compression
of CrN (Fig. 2a2) no other changes in geometry of the
pillar than elastically driven ones can be observed during
loading. For comparison, Fig. 2a1 shows the unloaded
pillar. However, after a critical load of ∼ 5.25 GPa the
samples immediately crack, Fig. 2a3. The cracking is
initiated by shearing processes, which can be identified
in Fig. 2a2 (marked by white arrows), which is the very
last image-frame detected before cracking occurs.

The CrN/w-AlN multilayer coatings (Fig. 2b) exhibit
a very similar behavior during compression as the CrN
coating. However, for CrN/w-AlN coatings no shearing
can be observed, due to the presence of w-AlN layers,
which provide different shearing planes than the c-CrN
layers. Hence, the CrN/w-AlN multilayer coating-pillar
instantly fails without pre-damage at an even 1.5 GPa
lower maximum load (∼ 3.8 GPa) than the CrN coating.
Detailed SEM investigations of the fracture pattern of
the coatings (Fig. 2b4-5) suggest that the crack initiation
takes place at the interface between the c-CrN and w-AlN
layers.

The CrN/c-AlN multilayer coatings exhibit a com-
pletely different behavior during the compression tests,
Fig. 3a-d. Applying a certain critical normal load on
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FIG. 2. SEM images during the compression tests of our
coating pillars consisting of (a1-a3) monolithically grown CrN
and (b1-b5) CrN/w-AlN multilayer. The SEM images given
in (a1) and (b1) represent the pillars at the beginning of the
test while (a3) and (b3) are taken after the test. The images
in (b4) and (b5) show shearing at the interface within fracture
fragments of CrN/w-AlN in more detail.

the pillar initiates a crack, indicated in Fig. 3b, start-
ing at the indenter contact area. This crack initiation
does not cause a significant feature in the recorded stress-
displacement curve, Fig. 4, making an identification of
the critical load difficult. Further loading of the sample
results in crack propagation along the loading direction,
being in-plane of the layered coating without its sponta-
neous breaking (Fig. 3c). Only for a load above 6.8 GPa
breaking of the pillar occurs, but the fracture pattern
suggests the formation of a crack network, Fig. 3d. This
is in contrast to the other coating materials where a crit-

FIG. 3. SEM images during the compression tests of our
CrN/c-AlN multilayer coating pillars (a-d). The image in (a)
shows the pillar at the beginning of the test and (d) shows
the fracture pattern after damage. Image (b) and (c) indicate
crack growth during loading (marked by arrows).

Detail A

Detail B

FIG. 4. Stress–displacement curves of our coatings consist-
ing of monolithically grown CrN, CrN/w-AlN and CrN/c-AlN
multilayer during compression tests.

ical load resulted in fatal cracking of these generally brit-
tle hard coatings. All of our coatings exhibit a linear elas-
tic behavior in the load-displacement curve, Fig. 4. How-
ever, the load-displacement curves of CrN/c-AlN coat-
ings present two discontinuous features after the load-
maximum of ∼ 6.8 GPa, marked as detail A and B. These
features suggest that crack propagation is inhibited, and
hence also indicate a more ductile-like cracking behavior
of the CrN/c-AlN coating. Furthermore, the slopes of
the load-displacement curves increase from CrN/w-AlN
to CrN to CrN/c-AlN suggesting an increasing stiffness,
respectively. Due to the unknown compliance of the mea-
suring system the Youngs modulus of the coatings cannot
be evaluated.
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The differences in fracture behavior of our coatings can
be explained by the contribution of the structural mod-
ifications at the interfaces, which are different for the
three coating types investigated. The basically single-
layer CrN coating serves as a benchmark for compari-
son. The other two exhibit additional AlN layers, ei-
ther mainly in their stable structure w-AlN (CrN/w-AlN)
or in their metastable structure c-AlN (CrN/c-AlN), cf.
Figs. 3b and d. Due to the different crystal structure
and their lattice mismatch, the CrN/w-AlN coatings ex-
hibit mainly incoherent interfaces between the w-AlN and
the c-CrN layers. Contrary, the CrN/c-AlN coatings are
characterized by coherent interfaces between the individ-
ual layers. The stabilization of the AlN layers in their
cubic metastable structure (which is the high-pressure
phase of AlN [16]) is based on the coherent growth onto
the cubic CrN layers, which exhibit a very small lattice
mismatch of ∼ 2% in the 2 0 0 and 1 1 1 directions. Im-
portant to mention is also that a phase transformation
from c-AlN to w-AlN is connected with an increase in spe-
cific volume of ∼ 26% [20, 21, 34]. Hence, if the c-AlN
layers–stabilized by coherency strain–are unstrained, a
volume expansion by ∼ 26% is expected. Such a relief of
strains can occur if the coating experiences tensile load-
ing or if a crack is formed close to the AlN layers or
at the interfaces between CrN and AlN layers. Please
remember that the experimental setup was chosen in a
way that the compressive loading direction is in-plane of
the layered coatings, hence along the interfaces between
CrN and AlN layers. Consequently, the lateral contrac-
tion leads to an expansion perpendicular to the loading
direction. As the CrN/w-AlN coatings mainly exhibit in-
coherent interfaces between the c-CrN and w-AlN layers,
which are generally weaker than the coherent interfaces
between c-CrN and c-AlN [35–37], the elastic strains will
cause crack initiation at these interfaces. This is easier
at such interfaces than within the bulk, as incoherent
interfaces are generally areas of a high defect density.
Therefore, the CrN/w-AlN coatings exhibit a weaker be-
havior during the loading experiments than the single
layered CrN coatings. The reason for a better behav-
ior of the CrN/c-AlN coatings is at least two-fold; the
stronger coherent interfaces between the c-CrN and the
c-AlN layers and the driving force of c-AlN to phase-
transform to w-AlN under expansion. As mentioned, our
material will experience compression in the loading di-
rection but expansion perpendicular to it. Any phase

transformation–triggered by the additional tensile strains
during loading–of c-AlN towards its stable configuration
w-AlN with the connected volume increase of ∼ 26% al-
lows reducing the tensile strains present. Hence, even
higher loads are necessary before a crack is initiated, or
even if a crack is initiated, its propagation during fur-
ther loading is reduced. The results obtained for our
multilayer coatings open promising prospects in increas-
ing the fracture toughness of generally brittle ceramic
materials such as transition metal nitrides by providing
mechanisms for tensile strain reduction, crack deflection,
crack arrest and crack stop mechanisms.

In conclusion, single-layered CrN and multi-layered
CrN/AlN, with either cubic (c) or wurtzite (w) AlN
layers, were prepared by magnetron sputtering and in-
vestigated for their fraction behavior. Based on our
results we can conclude that the CrN/AlN multilayer
coatings provide increased resistance against crack ini-
tiation and propagation when the AlN layers are stabi-
lized in their metastable cubic structure. In-situ SEM
compression tests of CrN and multi-layered CrN/w-AlN
coatings exhibit spontaneous failure as soon as a crack
is initiated. Simultaneously recorded load-displacement
curves present a maximum compressive fracture stress of
∼ 5.25 and ∼ 3.8 GPa for CrN and CrN/w-AlN, respec-
tively. Contrary, CrN/c-AlN multilayer coatings only fail
if the loading exceeds 6.8 GPa. In-situ SEM observations
clearly present a ductile-like behaviour for these CrN/c-
AlN multilayers as an initiated crack only slowly prop-
agates and even experiences deflection during loading.
Based on the results obtained we propose that the for-
mation of coherent interfaces between c-CrN and c-AlN
together with the driving force of c-AlN to phase trans-
form towards its stable w-AlN structure with the con-
nected volume increase of ∼ 26% is responsible for the
increased fracture toughness of this type of multilayers.
This allows for the development of a new class of AlN
toughened hard coatings.
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