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Abstract 

A finite element model reproducing the mechanical behaviour during nanoindentation tests on 

Ti0.67Al0.33 / Ti0.54Al0.46N multilayer coatings was developed. Coatings with two different 

nanoperiods (10 and 50 nm) were deposited by radio-frequency magnetron sputtering from a 

single sintered titanium/aluminium target using the reactive gas pulsing process. X-ray 

diffraction and transmission electron microscopy confirmed the multilayer stacking of the 

coatings. The finite element models of coatings with these two stacking periods were built 

considering successive hypotheses: equal thicknesses for metal and nitride nanolayers stacked 

without transition layer, equal thicknesses stacking with a transition layer between each metal 

and nitride nanolayer and finally imbalanced thicknesses stacking with a transition layer. The 

elastic and plastic properties of the stacked nanolayers were determined on thick monolithic 

coatings of metal and nitride using indentation testing and the finite element model updating 

method respectively. The elastic-plastic properties of the interface were introduced in the 

multilayer model as a rule of mixtures of the metal and nitride properties using two hypotheses: 

parallel or serial. For 50 nm-period film, the interface has a negligible effect on the overall 

indentation response. On the other hand, for the 10 nm period, the imbalanced stacking model 

with precise knowledge of the transition layer thickness obtained by N K-edge electron energy 

loss spectroscopy is required to reproduce the experimental indentation curve. Compared to 

classical analytical models accounting for hardness, not only the hardnesses but also the 

indentation moduli appear to be well predicted and evaluated in this work. 
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1 Introduction 

Very hard thin coatings are now commonly used to protect cutting tools in metalworking 

industries, to lengthen tool life and increase cutting performance. Metal nitrides like TiN, 

(Ti,Al)N and metal carbides such as TiC, WC are commonly used [1–3]. However, hard 

coatings, as hard bulk materials, have a serious drawback, namely their poor fracture 

toughness [4,5]. Structured as a multilayered coating by alternating a soft and a hard 

layer, it is possible to improve the fracture toughness of the coating while maintaining a 

hardness suitable for the targeted applications, since the good performance of the coating 

results from the synergy of the properties of each of the constituent layers [6–9]. In such 

coatings, the thickness of the hard layer becomes nanometric and very similar to a high 

shape ratio object more conducive to fracture resistance. For these structured materials, 

the mechanical strength of the interfaces plays a key role [10–14]. Weak interfaces allow 

mechanical energy to dissipate and may initiate crack bifurcation and indeed may, under 

certain conditions, interrupt the inexorable rupture of the film [15,16]. A strong interface 

allows continuity of the deformation from one layer to another. In the case of an 

alternation of hard/soft layers, the multilayered structures become more resilient and can 

reach very high deformation states without breaking. 

Having a finite element model (FEM) of the multilayer able to reproduce its mechanical 

response [17,18] is an essential prerequisite to the optimised design of metal/nitride 

multilayer coatings [19–21]. The properties of Ti1-xAlxN films are highly dependent on Al 

content and deposition process as well as the change of crystallographic structure [22–

25]. In Ti1-xAlxN ternary nitrides, mechanical performances are improved when Al is 

substituted for a part of the Ti atoms in an fcc lattice, and it has been conclusively 

demonstrated that coatings whose x Al content is around 50 at.%. exhibit the best 
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mechanical properties when magnetron sputtering is used [26]. This deposition 

technique leads to ordered materials having a defined composition and growing as 

columnar domains made of oriented nanocrystallites with cubic or hexagonal symmetry 

depending on Al content [27]. The main objective of this work is the mechanical modelling 

of the Ti0.67Al0.33/Ti0.54Al0.46N multilayer coatings. 

Experimental identification of the material’s behaviour of the different compounds in the 

multilayer, namely the Ti0.67Al0.33 metal (labelled TiAl) and Ti0.54Al0.46N nitride (labelled 

TiAlN) elements, is necessary to the development of a numerical model reproducing the 

mechanical response of the multilayer coating. Instrumented indentation has been chosen 

for this work because this experimental probe offers the particular advantage of allowing 

the characterisation of thin film materials. However, accessing the parameters of the 

material by indentation is not a trivial matter, especially for the plastic properties. It is 

well known that, in numerical terms, different material behaviours can lead to the same 

indentation load-displacement response [28]. To overcome this critical issue, the 

experiment design is guided by an identifiability index, already presented elsewhere 

[29,30], which ensures the encountered solution is reliable. This identifiability analysis 

leads to the use of two different indenter tip shapes (Berkovich and cube corner) to ensure 

uniqueness of the solution. The identification of the plastic parameters of TiAl and TiAlN 

monolithic layers is then performed using the Finite Element Model Updating (FEMU) 

method, which consists of minimising the gap between experimental and numerical 

indentation curves. 

In the particular case where two layers are linked at crystallographic level, the interface 

constitutes a third compound. For example, in the case of Cr/CrN coatings, a Cr2N 

transition layer is formed between the Cr and CrN layers [31]. Depending on the thickness 

and the number of each layer, the volume ratio of this third compound can reach a non-
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negligible portion. In this way, a multilayer material apparently composed of two 

materials, A and B, is actually a three-layer material. It is then possible to understand why 

for some particular multilayers, the mechanical properties of the coating are outside the 

limit set by the properties specific to the two compounds [32–36]. In these cases, 

mechanical characterisation is even more complicated as three materials have to be 

identified. The complexity of the multilayer FEM implemented in this study could only be 

optimised by conducting a fine analysis of the micro and nanostructure of the films, 

especially in the thickness. So, in addition to conventional XRD characterisation, 

transmission electron microscopy and spectroscopy were used for these 

characterisations. Plastic behaviours were identified for both TiAl and TiAlN monolithic 

layers and validated using TiAl/TiAlN multilayer coating applied using a shutter in front 

of the target between the sputtering process for each metal and nitride layer and a FEM 

of the coating assuming stacking without transition layer. These calculations show that 

models without a transition layer between TiAl and TiAlN allow good reproduction of the 

indentation response of multilayers with high stack period values. However, they do not 

match at all for small period values. The influence of a transition layer between TiAl and 

TiAlN becomes preponderant as the period decreases. The end of the paper is then 

dedicated to the identification of the behaviour of this transition layer and the 

interpretation of the link between the hypotheses concerning the interface behaviour and 

the actual nanostructure. 
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2 Materials and Methods  

2.1  Mono- and multilayer coating preparation 

 

Thin Ti0.67Al0.33, Ti0.54Al0.46N monolithic and Ti0.67Al0.33/Ti0.54Al0.46N multilayer coatings, 

were deposited onto (100) silicon substrates, in an Alliance Concept AC450 vacuum 

reactor, by radio-frequency magnetron sputtering from a sintered titanium/aluminium 

66/33 at.% metallic target (purity 99.99% and diameter 50 mm) at room temperature, in 

an Ar or Ar+N2 atmosphere. All the depositions were carried out with an argon partial 

pressure of 0.52 Pa. More details on the deposition parameters (gas pressure, bias, target-

substrate distance, etc.) and diffraction pattern of the target are presented in [20,37]. A 

45 nm Ti0.67Al0.33 buffer layer was systematically deposited on the etched substrates to 

enhance film adhesion. 

First two monolithic films, metallic Ti0.67Al0.33 and titanium aluminium nitride Ti0.54Al0.46N 

were prepared using a constant nitrogen flow rate of 0 and 1 sccm, respectively. The 

maximum N2 flow rate was high enough to sputter the target in the nitride mode to obtain 

nitrogen stoichiometry coatings.  

Secondly, multilayered films with two different periods were deposited using the reactive 

gas pulsing process (RGPP) [38] to nanostratify the coating by alternating Ti0.67Al0.33 and 

Ti0.54Al0.46N layers. The nitrogen flow rate was periodically pulsed using a quasi-

rectangular wave function between a minimum and a maximum rate of 0 and 1 sccm 

respectively. Based on the deposition rate of the Ti0.67Al0.33 and Ti0.54Al0.46N single-layered 

films, the pulse periods 90 s and 480 s were chosen to obtain stacking periods Λ = 10 and 

50 nm respectively. For easier reading of the paper, Ti0.67Al0.33 and Ti0.54Al0.46N are 

respectively written as TiAl and TiAlN and the deposited samples are summarised in 

Table 1. The expected period Λ is defined by Λ = λTiAl + λTiAlN, where λTiAl, λTiAlN are the same 
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expected thicknesses for TiAl alloy and TiAlN nitride respectively. All the as-deposited 

multilayer coatings have a TiAlN upper layer. A last sample was deposited with a 50 nm 

period using a shutter in front of the target introduced between each deposit of TiAl and 

TiAlN to minimise nitrogen contamination of the interfaces when the N2 flow rate was 0 

sccm and thus to have sharper interfaces, without a transition layer between the 

metal/nitride layers. This sample allowed the validation of the plastic parameters of each 

monolithic layer identified using the FEMU method as described in section 3.2. 

 

Sample 
name 

Sample type 
Period  
Λ (nm) 

thickness 
𝑒𝑝 (𝑛m) 

TiAl Ti0.67Al0.33 / 2500 

TiAlN Ti0.54Al0.46N / 2950 

ML10 (Ti0.67Al0.33/Ti0.54Al0.46N)n 10 1790 

ML50 (Ti0.67Al0.33/Ti0.54Al0.46N)n 50 2000 

ML50s (Ti0.67Al0.33/Ti0.54Al0.46N)n 50 with shutter 1970 

 

Table 1: Characteristics of the monolithic and multilayer coatings. The film thicknesses were measured by the 

step method using a mechanical profilometer.  

 

2.2  Micro- and nanostructural characterisations 

 

To investigate the structure of the coatings, X-Ray Diffraction (XRD) and Transmission 

Electron Microscopy (TEM) were used. The XRD experiments were carried out using a 

Rigaku Smartlab X-ray diffractometer, equipped with a 9kW Cu source (λKα1 = 1.54056 Å) 

and a Ge (220) two-bounce front monochromator. XRD patterns were recorded at room 

temperature in parallel-beam geometry. 

TEM was used on the cross-section of the coatings to get deeper insights into the 

microstructure of the stacking. Cross-sections were prepared by focused ion beam milling 
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and were then analysed using a Cs-corrected JEOL 2100F microscope, operating at 200 kV 

and equipped with an Electron Energy Loss Spectrometer (EELS), a Gatan Imaging Filter 

(GIF) spectrometer and a JEOL Energy Dispersive Spectrometer (EDS). The morphology 

and crystalline structure were studied by Selected Area Electron Diffraction (SAED). The 

chemistry of the nanolayers was determined by EELS and EDS profile along the growth 

direction, at different depths from the surface on a cross-section, by Scanning 

Transmission Electron Microscopy (STEM) using a 0.15 nm probe. N K-edge electron 

energy loss near edge structure (ELNES) spectra of the films were recorded with the GIF 

spectrometer using a dispersion of 0.2 eV energy per channel in order to record the Ti L 

edge too. The Al/Ti ratio was determined by EDS profile. 

2.3  Plastic properties of the monolithic layers from nanoindentation  

2.3.1 Nanoindentation experiments 

Nanoindentation tests were performed using an Anton Paar UNHT (Ultra Nano-

Indentation Hardness Tester). The indentation modulus of the films was calculated from 

the unloading path of indentation curves according to the Oliver and Pharr method 

[39,40]. Two indenter tip shapes were used (Berkovich and cube corner), mainly to 

ensure robustness of the inverse analysis method applied to extract the plastic 

parameters of the monolithic coatings, but also to provide validation data. The tip radii 

were 113 and 35 nm for the Berkovich and cube corner tips respectively. 

2.3.2 Nanoindentation test model 

The indentation test was modelled using a 2D axisymmetric FEM using the ANSYS 

software. Details of the finite element model can be found in [30]. The conical indenter 

was set with an equivalent half-angle 𝛼 (70.30° for Berkovich and  42.28° for cube corner). 
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These angle values give the same contact area to depth ratio as a perfect Berkovich or 

cube corner tip. The tip blunting is modelled by an arc of circle of radius 𝑅. The coefficient 

of friction between the tip and the sample taken is  𝜇 = 0.1 [41]. To minimise the effect of 

boundary conditions, the sample and tip sizes are 60 times greater than the maximum 

depth ℎ𝑚𝑎𝑥 . The area under the tip is finely meshed to a length of twice the thickness of 

the coating to accurately model the contact. In this area, the 4-node linear quadrilateral 

elements (PLANE 182) are initially square with an edge length equal to one-tenth of the 

maximum depth ℎ𝑚𝑎𝑥 . For the tip, quadratic triangular elements with 6 nodes (PLANE 

183) are used. They have, at the level of the contact, a size equivalent to those of the 

sample. The mesh is gradually coarser away from the contact area, allowing computation 

time to be reduced. The nodes belonging to the lower surface of the modelled sample are 

embedded and a displacement is imposed on the upper surface of the indenter. 

The diamond indenter tip (Ei = 1141 GPa, νi = 0.07) and Si substrate (Es = 165 GPa, 

νs = 0.23) are considered as isotropic linear elastic materials. For the coatings an 

elastoplastic law with isotropic linear hardening is chosen.  

The total strain tensor 𝜀𝑖𝑗 can be separated into elastic and plastic components, 

respectively 𝜀𝑖𝑗
𝑒  and 𝜀𝑖𝑗

𝑝 , i.e.: 

 𝜀𝑖𝑗 = 𝜀𝑖𝑗
𝑒 + 𝜀𝑖𝑗

𝑝 . (1) 

The elastic component is driven by Young’s modulus 𝐸 and Poisson’s ratio 𝜈, the two 

intrinsic elastic parameters linking stress and elastic strain in Hooke’s law, defined in the 

case of isotropic linear elastic materials by: 

 𝜎𝑖𝑗 =
𝐸

1 + 𝜈
(𝜀𝑖𝑗

𝑒 +
𝜈

1 − 2𝜈
𝜀𝑘𝑘

𝑒 𝛿𝑖𝑗). (2) 

𝜎𝑖𝑗  is the Cauchy stress tensor, 𝜀𝑘𝑘
𝑒  is the trace of the elastic strain tensor 𝜀𝑖𝑗

𝑒  and 𝛿𝑖𝑗 is the 

Kronecker delta. 
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The plastic component is driven by the initial tensile yield stress 𝜎𝑦 and the isotropic 

hardening modulus 𝐻𝑝. They are related to the von Mises yield stress criterion, which 

defines the stress threshold from which the material plastically deforms. 

In the case of a uniaxial tensile test, these assumptions on the elastic and plastic behaviour 

can be written as: 

 𝜎 = 𝐸𝜀               for    𝜎 < 𝜎𝑦 (3) 

 𝜎 =
𝐸𝐻𝑝

𝐸 + 𝐻𝑝
𝜀    for    𝜎 ≥ 𝜎𝑦. (4) 

where 𝜎 is the Cauchy tensile stress and 𝜀 is the logarithmic tensile strain. 

For each layer, the behaviour is driven by two elastic parameters (𝐸, 𝜈) and two plastic 

parameters 𝜃 = (𝜃1, 𝜃2) = (𝜎𝑌, 𝐻𝑝). The Poisson’s ratio values were taken from the 

literature and the Young’s moduli were derived from indentation tests using the 

Continuous Stiffness Measurement (CSM) method. To identify the plastic parameters of 

the monolithic coatings (𝜎𝑌,𝑇𝑖𝐴𝑙, 𝐻𝑝,𝑇𝑖𝐴𝑙 , 𝜎𝑌,𝑇𝑖𝐴𝑙𝑁, and 𝐻𝑝,𝑇𝑖𝐴𝑙𝑁) from indentation curves, a 

method based on identifiability is used to design experiments to correctly pose the 

inverse problem, solved using Finite Element Model Updating (FEMU) method. 

2.3.3 Finite element model updating (FEMU method) 

The process of updating the numerical model based on the experimental data allows the 

estimation of 2 parameter values 𝜃 = (𝜃1, 𝜃2) which minimise the difference between the 

force 𝑃(ℎ; 𝜃) resulting from the finite element simulation and the experimental data 

𝑃𝑒𝑥𝑝(ℎ). The inverse problem is recast as the problem of minimising a cost function ω, 

which quantifies the difference between the numerical model and the experiment: 

 𝜃 = argmin
𝜃

 ω [𝑃(ℎ; 𝜃), 𝑃𝑒𝑥𝑝(ℎ)] (5) 
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The cost function is minimised by a local numerical optimisation technique based on the 

LM algorithm [42,43] implemented by the MIC2M software [44]. A starting point is 

required in this algorithm. The influence of this point will therefore be investigated. The 

objective function is defined in displacement-controlled mode as [45]: 

 ω(𝜃) =
1

2
∑

1

𝑇(𝑒)
[∑ (

𝑃𝑘
(𝑒)(𝜃) − 𝑃𝑘

𝑒𝑥𝑝(𝑒)

𝑃𝑚𝑎𝑥
(𝑒)

)

2𝑇(𝑒)

𝑘=1

]

𝑛

𝑒=1

 (6) 

𝑇(𝑒) is the number of data points for each nanoindentation test (e), i.e. number of 

simulated 𝑃𝑘
(𝑒)(𝜃) = 𝑃𝑘

(𝑒)
(ℎ𝑘

(𝑒)
; 𝜃) and measured force 𝑃𝑘

𝑒𝑥𝑝(𝑒)

= 𝑃𝑒𝑥𝑝(ℎ𝑘
(𝑒)

). 𝑇(𝑒) is 

sufficiently large (𝑇(𝑒) > 100) that it does not influence the reported results. 𝑃𝑚𝑎𝑥
(𝑒)

 is the 

maximum of the force (experimental for FEMU and a posteriori I-index, numerical for a 

priori I-index). In this paper 𝑛 = 1 is a Berkovich test and 𝑛 = 2 a cube corner test. 

The uniqueness of the minimiser 𝜃 is a fundamental question, particularly in 

instrumented nanoindentation. In fact, in the case of elastoplastic behaviour, numerous 

studies have shown that a group of materials with distinct elastoplastic properties may 

produce almost the same conical indentation 𝑃– ℎ curve [28,46,47]. It implies that the 

material properties cannot be uniquely determined by using a single sharp indenter tip. 

In order to address this problem in the case of elastoplastic behaviour, dual or multiple 

indentation techniques have been proposed by several authors [48–50]. However, the 

existence of mystical materials that give almost similar 𝑃– ℎ curves for different indenter 

tips has also been shown [51]. Recently, this problem of non-uniqueness of the 

elastoplastic properties was investigated by Phadikar et al. [52]. They found that non-

uniqueness of the solution is caused by high sensitivity to the experimental errors. They 

also demonstrated that dual nanoindentation techniques are reliable when the 

experimental error is within ±1%.  
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All these conclusions relate to bulk samples, perfect and rigid tip. In the case of TiAlN thin 

films with rounded and deformable tips, Pac et al. [19] shown that the identifiability is 

significantly improved. Whatever, the stability of the FEMU solution can be verified by 

performing an identifiability analysis.  

2.3.4 Identifiability analysis to ensure reliable plastic properties. 

Parameter identifiability analysis is used to quantify the reliability of the estimated 

parameters (a posteriori analysis) and to design the experiments that must be performed 

to obtain them in a robust way (a priori analysis). This approach is also known as a priori 

identifiability or structural identifiability, and depends only on the model and simulated 

data [53,54]. Indeed, a priori analysis can be done before the updating process and 

therefore does not require the experimental force 𝑃𝑒𝑥𝑝(𝑡). 

The identifiability analysis is first performed considering a single Berkovich 

nanoindentation test. Secondly, the combination of two tips is carried out: Berkovich and 

cube corner. The completeness of the data contained in the nanoindentation force is 

quantified by an I-index [29,30]. This index appears to be convenient to explore and 

investigate what the optimal experiments are which can extract the plastic parameters of 

a monolithic layer coating (initial yield stress and hardening modulus). The I-index is a 

measure of the conditioning of the inverse problem and is defined as: 

 𝐼 = log10 (
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
) (7) 

where 𝜆𝑚𝑎𝑥 and 𝜆𝑚𝑖𝑛 are the maximum and minimum eigenvalues of a matrix �̅� at the 

considered calculation point 𝜃 = (𝜃1, 𝜃2) = (𝜎𝑌 , 𝐻𝑝): 
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�̅�𝑖𝑗 = 𝜃𝑖𝜃𝑗 ∑ [

1

(𝑃𝑚𝑎𝑥
(𝑒)

)
2

𝑇(𝑒)

∑
𝜕𝑃𝑘

(𝑒)
(𝜃)

𝜕𝜃𝑖

𝜕𝑃𝑘
(𝑒)

(𝜃)

𝜕𝜃𝑗

𝑇

𝑘=1

]

𝑛

𝑒=1

 
(8) 

To calculate the numerical derivative in the previous equation with the forward finite 

difference method, each value parameter is changed by 0.5% with respect to its initial 

value. 

The lower the 𝐼-index, the better the matrix is conditioned, which means its inverse can 

be calculated with great accuracy. On the other hand, if the 𝐼-index is large, the matrix is 

considered as ill-conditioned. This procedure allows the potentially identifiable 

combinations of material parameters (𝐼 ≤ 3) to be distinguished, and good identifiability 

(𝐼 < 2) from those which are clearly not (𝐼 > 3). The evaluation of this index allows to 

overcome the ±1% experimental errors mentioned above [52]. In fact, too much 

sensitivity to experimental error will necessarily conduce to an index 𝐼 > 3. 

 

2.4  Some hypotheses for the multilayer model  

2.4.1 Multilayer stacking without transition layer  

The numerical model used for the multilayer coating is based on the FEM of the monolithic 

coating [30]. The coating is modelled as an assembly of TiAl and TiAlN nanolayers stacked 

alternately with a TiAl/TiAlN interface considered without thickness (Fig. 1a). The layer 

in contact with the indenter tip is a TiAlN layer and the layer above the substrate is a TiAl 

layer according to the deposition process. The thickness of each layer is defined as 

follows: 

 𝑉𝑓Λ − 𝑒𝑝𝑇𝑖𝐴𝑙𝑁 = (1 − 𝑉𝑓)Λ − 𝑒𝑝𝑇𝑖𝐴𝑙 = 0  (9) 

where 𝑉𝑓 is the TiAlN volume fraction: 
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 𝑉𝑓 =
𝑒𝑝𝑇𝑖𝐴𝑙𝑁

𝑒𝑝𝑇𝑖𝐴𝑙 + 𝑒𝑝𝑇𝑖𝐴𝑙𝑁
 (10) 

 

Fig. 1: An alternating stack of TiAl/TiAlN nanolayers with a) a perfect stacking, b) a transition layer. 

The model is set for each stacking period Λ (Table 1). 

A convergence study (data not shown) was carried out with 1, 2, 3 and 4 elements in the 

thickness of the layer and using 8 nodes quadrilateral elements (Q8) with quadratic 

interpolation (plane 183 element in ansys). Since the relative variation of the force is less 

than 0.1% and the von Mises contour are very similar with less than 0.5% difference on 

the maximum value, only one element (size Λ/2) in the thickness of the nanolayer was 

finally used, to minimise the calculation time. 

2.4.2 Multilayer with a transition layer 

The numerical model used for the multilayer coating with a transition layer is based on the FEM 

of the multilayer coating without transition layer. The coating is modelled as an assembly of 

TiAl and a TiAlN nanolayers stacked alternately with a transition layer of thickness 𝑒𝑝𝑇𝑟 

between each TiAl and TiAlN layer (Fig. 1b) such as: 

For the behaviour of the transition layer material, a mixture behaviour is assumed. Each material 

parameter 𝑝𝑇𝑟 (≡ 𝐸𝑇𝑟 , 𝜈𝑇𝑟 , 𝜎𝑌,𝑇𝑟 , 𝐻𝑝,𝑇𝑟) of the transition layer is a mixture of the parameters of 

 2𝑒𝑝𝑇𝑟 = Λ − (𝑒𝑝𝑇𝑖𝐴𝑙 + 𝑒𝑝𝑇𝑖𝐴𝑙𝑁) (11) 
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the two single TiAl and TiAlN parameter layer. To study the influence of the rule of mixtures 

on the indentation response, two possibilities, serial and parallel laws, are considered and 

defined respectively as follows: 

 
1

𝑝𝑇𝑟
=

1 − 𝑉𝑓

𝑝𝑇𝑖𝐴𝑙
+

𝑉𝑓

𝑝𝑇𝑖𝐴𝑙𝑁
 

 
(12) 

 𝑝𝑇𝑟 = (1 − 𝑉𝑓)𝑝𝑇𝑖𝐴𝑙 + 𝑉𝑓𝑝𝑇𝑖𝐴𝑙𝑁 
 

(13) 

The second possibility (parallel), sometimes used in the literature for the hardness of the 

multilayers, could be a signature of a columnar texture in the transition layer [55]. 

2.4.3 About the size/scale effect: 

Finally, this finite element model reproduces the exact stacking of the coating. In this way, 

it is length scale dependant in the sense that the response of the material will depend on 

the indentation depths while no internal lengths is used directly in the definition of the 

different material’s constitutive laws [56]. For multilayers, the value of the internal 

lengths is generally lower than the value of the period of the multilayer. The use of a such 

model would be justified if the behaviour of single interface was experimentally 

measured. However, this work focuses the mechanical behaviour of a single interface by 

the experimental measure of the mean response of multiple interfaces. 

 

3 Results and Discussion  

3.1  Monolithic TiAl and TiAlN coating properties 

 

The crystallographic structure of TiAl and TiAlN monolithics are tetra or hexagonal and 

face-centred cubic respectively, as shown by the XRD patterns in ref [20]. Based on the 
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experimental indentation curves (Fig. 2), the Young’s modulus values of TiAl and TiAlN 

are 199 and 417 GPa respectively. The Poisson’s ratio values were taken from the 

literature [22,57,58]:  0.25 and 0.21 for TiAl and TiAlN respectively. 

The objective here was the robust identification of the two plastic parameters (𝜎𝑌 , 𝐻𝑝) of 

each TiAl and TiAlN monolithic coating sample from indentation curves obtained using 

the FEMU method and identifiability analysis. In a first step, some solutions (𝜎𝑌, 𝐻𝑝) are 

obtained using the FEMU method from only the Berkovich P-h curve using the cost 

function (Eq. 6 with n=1). As shown in Fig. a, the numerical simulation at each solution 

point 𝜃 (Eq. 5) are in good agreement with the experimental data.  

  

Fig. 2: Monolithic model-experiment comparison 

(a) using one Berkovich P-h curve in the FEMU method and a cube corner for validation. 

(𝜎𝑌, 𝐻𝑝) = (1.49 𝐺𝑃𝑎, 41.8 𝐺𝑃𝑎) for TiAl and (14.6 𝐺𝑃𝑎, 25.2 𝐺𝑃𝑎) for TiAlN, 

(b) using two P-h curves (Berkovich and cube corner) in the FEMU method. 

(𝜎𝑌, 𝐻𝑝) = (3.44 𝐺𝑃𝑎, 6.33 𝐺𝑃𝑎) for TiAl and (14.1 𝐺𝑃𝑎, 34.7 𝐺𝑃𝑎) for TiAlN. 

The 𝐼-index values calculated from Equation 7 (7) are 𝐼(𝑇𝑖𝐴𝑙) = 2.2 and 𝐼(𝑇𝑖𝐴𝑙𝑁) = 3.7. 

Unfortunately, for TiAlN, the I-index value is larger than 3, so too large to ensure the 

stability of the solution. The instability of the solution, i.e. the high sensitivity to 

experimental errors, indicates the existence of a valley of solutions of the functions 

𝜔(𝜎𝑌, 𝐻𝑝)~0, classic in sharp indentation. Consequently, the model does not correctly 

predict cube corner tests (Fig. 2a). 
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In a second step, a priori identifiability analysis showed that adding a cube corner 

indentation curve reduces the 𝐼-index value (Eq. 7 with n=2). Using the FEMU method and 

the dual indentation technique, all the numerical simulations at each solution point 𝜃 (Eq. 

5) are in good agreement with the experimental data (Fig. b). Moreover, the 𝐼-index values 

calculated are 𝐼(𝑇𝑖𝐴𝑙) = 2.1 and 𝐼(𝑇𝑖𝐴𝑙𝑁) = 1.8, so low enough (much lower than 3) to 

ensure acceptable stability of the solution. 

Table 2 summarises the identified plastic properties of the monolithic coatings obtained 

using the FEMU method and the dual nanoindentation technique. It can be noted that the 

initial yield stress of TiAlN layers is about four times higher than that of TiAl.  

Table 2: Plastic parameter values �̂�𝑗 of the monolithic coatings identified from Berkovich  

and cube corner P-h curves using the FEMU method  

 

3.2  Multilayer coatings: effect of  the stacking on the growth of the 
films and their nanoindentation response  

 

The experimental Berkovich nanoindentation curves recorded for TiAl/TiAlN multilayer 

coatings (Fig. 3a) are located between those obtained for monolithic TiAl and TiAlN. These 

results are in good agreement with those obtained by Shugurov et al. [21] for TiAlN/TiAl 

multilayers with various periods.  

Parameter  TiAl TiAlN 

𝜃1 = 𝜎𝑌 (GPa) initial yield stress 3.44 14.1 

𝜃2 = 𝐻𝑝 (GPa) hardening modulus 6.33 34.7 
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Fig. 3: (a) Experimental Berkovich nanoindentation curves on 10 and 50 nm period multilayer and monolithic 

coatings, (b) XRD patterns of the 10 and 50 nm period multilayer coatings and (c) bright filed STEM image of the 

cross-section of the 50 nm period multilayer coatings. 

 

The XRD pattern (Fig. 3b) of the 10 nm period coating is characteristic of a well-defined 

superlattice with a main reflection flanked by satellite reflections. In contrast, for the 

50 nm period film, whereas the multilayer stacking is clearly observable in the bright-field 

STEM image (Fig. 3c), the superstructure disappears and the satellite reflections are 

highly damped. Two dissociated peaks assigned to TiAlN (2θ = 36.9°) and TiAl 

(2θ = 38.7°) lattices are observed. Similar results are obtained from the SAED patterns of 

these two films. The intensity profile of the enlargement of the spot in the growth 

direction shows typical interferences of a superlattice and two distinct spots for the 

10 and 50 nm period films respectively (Fig. 4a and 4b). 

To demonstrate that the loss of the superlattice signature is related to the interface, a 

50 nm period film was deposited with the same elaboration conditions using a shutter in 

front of the target during the deposition process between each nanolayer to obtain abrupt 

interfaces without a transition layer (ML50s). For this film, both the XRD pattern (Fig. 5b) 

and the intensity profile of the main spot in (Fig. 4c) show the two main reflections flanked 

by weak satellites, demonstrating the presence of nitrogen in the interface while the N2 
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flow rate is cut off to deposit TiAl when the shutter is not applied. Consequently, a slightly 

higher experimental hardness (Fig. 5.a) is noticeable without the shutter (ML50) than 

with the shutter (ML50s) as the interfaces with transition layers containing nitrides are 

harder than metallic TiAl layers. 

 

 

Fig. 4: SAED patterns of TiAl/TiAlN, enlargement of the spot along the growth direction and corresponding 

intensity profile for (a) 10 nm, (b) 50 nm and (c) 50 nm with shutter periods. 

 

As a validation test of the behaviours of the two monolithic TiAl and TiAlN coatings 

identified using the FEMU method and the dual nanoindentation technique (Table 2), 

Berkovich and cube corner indentations were simulated on the 50 nm period multilayer 

coating sample with a shutter using the multilayer model without transition layer. As 

shown in Figure 5a, the predicted P-h curves are very close to the experimental ones. This 

result validates the properties of TiAl and TiAlN identified on monolithic coatings as the 

properties of the nanolayers in the multilayer stackings. It shows clearly also that it is 

possible to forecast the mechanical behaviour of a multilayer knowing the mechanical 

properties of its two constituents. 
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Fig. 5: (a) Experimental and model nanoindentation P-h curves and (b) XRD patterns of the 50 nm period 

multilayer coatings with a shutter (ML50s) and without a shutter (ML50) 

 

3.3  Transition layer behaviour  

3.3.1 Multilayers without transition layer 

The numerical model used for the multilayer coating is based on the FEM of the monolithic 

coating behaviour identified in section Erreur ! Source du renvoi introuvable.. The 

coating is modelled as an assembly of alternately stacked layers of TiAl and TiAlN of equal 

thickness (5/5 and 25/25 nm for 10 and 50 nm period films respectively) (Fig. 1a). The 

TiAl/TiAlN interface is considered without thickness. The elastic-plastic behaviours of the 

TiAl and TiAlN layers identified in section 3.1 are introduced in the multilayer model. 

Figure 6 illustrates the P-h curves obtained using this model without transition layer. The 

predicted P-h curve is very close to the experimental one for the 50 nm-period film. 

However, for the low period one, the model does not forecast the increase in hardness 

observed experimentally. 
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Fig. 6: Berkovich P-h curves for multilayer coating (periods 10 and 50 nm). 

Experiment-model comparison without transition layer a perfect interface.  

Properties (𝐸, 𝜎𝑌 , 𝐻𝑝) of the monolithic layers:  

(199 𝐺𝑃𝑎, 3.44 𝐺𝑃𝑎, 6.33 𝐺𝑃𝑎) for TiAl and (417 𝐺𝑃𝑎, 14.1 𝐺𝑃𝑎, 34.7 𝐺𝑃𝑎) for TiAlN. 

 

3.3.2 Multilayers with a transition layer 

The numerical model used for the multilayer coating with a transition layer is based on 

the FEM of the multilayer coating without transition layer i.e. as an assembly of TiAl and 

TiAlN nanolayers with a transition layer of thickness 𝑒𝑝𝑇𝑟 (Eq. 11) between each TiAl and 

TiAlN layer (Fig. 1b). Each material parameter 𝑝𝑇𝑟 of the transition layer (𝑝𝑇𝑟 ≡

𝐸𝑇𝑟 , 𝜈𝑇𝑟 , 𝜎𝑌,𝑇𝑟, 𝐻𝑝,𝑇𝑟) is a mixture of the parameters of the TiAl and TiAlN monolithic 

layers. To study the influence of the rule of mixtures on the indentation response, two 

possibilities were considered: serial (Eq. 12) and parallel (Eq. 13). Considering the first 

results obtained by EELS, a 2 nm thickness transition layer is added, which represents a 

volume of about 8% and 40% of the total volume for the 50 nm and 10 nm period coatings 

respectively. 
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Fig. 7: Effect of a 2 nm-thickness transition layer on the simulated Berkovich P-h curves 

using the multilayers model. Model-experiment comparison with two mixture laws (serial and parallel) 

 for the transition layer behaviour and two periods: (a) 50 nm and (b) 10 nm. 

Properties (𝐸, 𝜎𝑌 , 𝐻𝑝) of the monolithic layers: 

(199,3.44,6.33) 𝐺𝑃𝑎 for TiAl and (417,14.1,34.7) GPa for TiAlN. 

 

Figure 7 shows the simulated P-h curves, and a good agreement between model and 

experimental measurements is observed for the 50 nm period coating. For this film, the 

effect of the transition layer is very slight, whichever rule of mixtures is chosen. On the 

contrary, the model does not predict the loading force for the 10 nm-period multilayer. 

Even if the parallel rule of mixtures gives better results by providing a higher loading 

force, the predicted force is too low. Classically, interfaces impede the movement of 

dislocations and increase the strength of the material as described by Hall-Petch [56]. The 

addition of a nanometric interface with a particular material behaviour in the finite 

element model confers adequately this role to the interface boundaries. In fact, it is 

observed that plastic deformation is accumulated into ductile thin layer (Fig. 8). 

A 3 nm transition layer was also tested (Fig. 7b) and demonstrated that differences 

between the experimental and model curves are not linked to the transition layer 

thickness, but probably to an imbalance between the thicknesses of the TiAl and TiAlN 

nanolayers. 
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Fig. 8: Comparison between 50 nm and 10 nm period models showing the influence of the transition layer in the 

coating response during indentation: (a) plastic strain intensity and (b) equivalent von Mises stresses. 

 

3.4  Imbalanced TiAl/TiAlN thickness 

 

In previous sections equal thicknesses of TiAl and TiAlN layers were considered using a 

TiAlN volume fraction parameter 𝑉𝑓 (eq. 10) equal to 0.5. To increase predicted force in 

the model, 𝑉𝑓 should be greater than 0.5 to raise nitride volume fraction in the coating. In 

order to determine this value and quantify the thickness imbalance between the metal TiAl 

and nitride TiAlN layers, quantitative EELS profiles were used. 

3.4.1 Thicknesses of the nanolayers in the stacking by EELS  

N K-edge electron energy loss spectroscopy was used to characterise the element 

composition of the interfaces between the TiAl/TiAlN and TiAlN/TiAl transitions. From 

the EELS spectra, the relative concentration of the nitrogen and titanium elements were 

recorded every 0.3 nm and plotted in Figure 9. For both periods, the transition zone from 

the TiAl to TiAlN nanolayers and from the TiAlN to TiAl ones has the same thickness of 

about 2-3 nm. However, the multilayer architecture is imbalanced: the thickness of the 

TiAlN nanolayers is greater than that of the TiAl nanolayers. For the 10 nm period sample, 

the thickness of the nitride layers measures  3.80 ± 0.20 nm while the TiAl metal layers 

measure 1.50 ± 0.50 nm and the transition layer shows a 2.35 ± 0.40 nm-thickness. The 
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50 nm period sample exhibits a thickness of TiAlN and TiAl layers of 27 ± 1 nm and 21 ±

1  nm with a 3 ± 0.3 nm transition thickness nanolayers (the thickness values are averaged from 

5 measurements). These results clearly show the presence of a nitrogen concentration gradient 

in the transition layers due to the closing and opening of the nitrogen flow during the deposition 

process. But the effect is not the same for both coatings since this gradient represents a very 

high volume fraction for the low period sample: 48% compared to 12% for the high period 

sample. This precise knowledge of the cross-sectional microstructure of the stacking has been 

added to the models. 

 

 

Fig. 9: Dark-field STEM image of the cross-section of TiAl/TiAlN multilayered film a)  = 10 nm, b)  = 50 nm 

and corresponding relative concentration of N and Ti elements recorded along the a) 16 nm and b)112 nm red 

line. 

3.4.2 Effect of TiAlN/TiAl thickness ratio on simulated P-h curves  

Based on microstructural determination, the solutions TiAl/TiAlN=1.5 nm/3.8 nm with a 

2.35 nm transition layer thickness for the 10 nm period film and TiAl/TiAlN = 21 nm/27 

nm with a 3 nm transition layer thickness for the 50 nm period coating are used in the 
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models. As shown in Fig. a and 10b, the simulated P-h curves are very close to the 

experimental ones for both periods, whatever the rule of mixtures chosen for the 

transition layer. For the higher period specimen, the hypothesis on the rule of mixtures 

has a negligible influence on the result while for the low period specimen, the loading 

force is slightly overestimated with the parallel hypothesis and slightly underestimated 

with the serial hypothesis.  

 

Fig. 10: Effect of imbalanced TiAlN/TiAl thickness and rule of mixtures on simulated Berkovich P-h curve a)10 

nm  and (b) 50 nm period. Properties (𝐸, 𝜎𝑌, 𝐻𝑝): (199, 3.44, 6.33) 𝐺𝑃𝑎 for TiAl and (417, 14.1, 34.7) GPa for 

TiAlN. 

 

As the contact area can also be evaluated numerically, it is possible to compare numerical 

and experimental hardness. Figure 11a shows the hardness obtained experimentally and 

numerically for the monolayer and the multilayer films considering the two rules of 

mixture evocated previously in the case of the 10 nm period film and only the serial 

hypothesis in the case of the 50 nm period film. It can be observed that the material 

properties found from the inverse analysis can be used to predict the hardness of the 

different coatings. From this figure, the serial hypothesis clearly matches better with the 

experiments than the parallel one. Indentation reduced modulus can also be calculated 

numerically as a function of depth, applying a particular sinusoidal loading [59]. Figure 

11b shows the comparison between numerical and experimental reduced indentation 
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modulus obtained from continuous stiffness measurements. Due to limit conditions, it is 

well known that elastic properties are less well extracted by finite element modelling than 

plastic ones, however, if numerical and experimental values of modulus do not match as 

well as the ones of hardnesses, the gap between experimental and numerical values 

remains under 10%, 3% for TiAlN, 8% for the 10nm multilayer, 9% for TiAl and 10% for 

the 50nm multilayer. Particularly, the gap between the 10 and the 50nm multilayer is well 

reproduced by the model. Indeed, the models used turns out to be very predictive as in 

reality the microstructure of the transition layer is complex and probably similar to a 

nitride concentration gradient in the transition layer thickness. 

 

Fig. 11: Comparison between numerical (with serial and parallel hypotheses for the 10 nm period and serial 

hypothesis for the 50 nm period) and experimental data obtained for multilayer and monolayer coatings: (a) 

hardness and (b) indentation reduced modulus  

 

4 Conclusions 

In this paper, thin Ti0.67Al0.33/Ti0.54Al0.46N (named TiAl/TiAlN) multilayer coatings were 

deposited by radio-frequency magnetron sputtering from a single sintered 

titanium/aluminium target using the reactive gas pulsing process. A finite element model 

reproducing the mechanical behaviour of those stacked nanolayer coatings during an 
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indentation test was developed and used to identify reliably, using an identifiability index, 

plastic properties following a FEMU process. The following conclusions can be drawn: 

1. the mechanical behaviour of a 50 nm period multilayer, deposited with a shutter in 

front of the target between each stack, can be predicted from the mechanical behaviour 

of its two main constituents, themselves reliably identified from a dual indentations FEMU 

process. 

2. without a shutter and for shorter periods, the introduction of a specific interlayer is 

necessary to reproduced faithfully the mechanical behaviour of the multilayers. This 

interlayer (transition layer) is observed, measured, and characterised experimentally by 

TEM and N2 concentration determination by quantification of EELS profile spectra 

containing N K-edge and Ti L-edge. It is a nanometric layer with a gradient of nitrogen. 

3. based on the true architecture of the multilayers, it is found that the mechanical 

properties of this interlayer can be well described by a mixture law and a serial 

hypothesis. This is established by comparing numerical and experimental indentation 

behaviour of a 10 nm and 50 nm multilayer coatings. 

4. taking into account the true structure of the multilayer appears to be sufficient to 

reproduce the indentation response of such materials. Compared to classical analytical 

models accounting for hardness [56], not only the hardnesses but also the indentation 

moduli appear to be well predicted and evaluated in this work. 

Finally, as the transition layer contain a strong gradient in nitrogen, its mechanical 

description deserves to be refined. In this aim, atomistic studies should be conducted 

specifically in this domain. The size of the considered region appears to be particularly 

suitable. It would certainly further improve the match between numerical and 

experimental response. 
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