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Abstract. This paper presents a study of the mechanical properties and an 
evaluation of damage mechanisms of nanocolumnar TiO2-SiO2 multilayer coatings 
prepared by physical vapour oblique angle deposition at different configurations 
(slanted, zigzag or chiral) and two zenithal evaporation angles  (70º or 85º). The 
characterization at micro- and nano-metric length scales of the mechanical 
properties of the multilayers has been carried out by nanoindentation and 
nanoscratch tests, while the morphological evaluation the surface and sub-surface 
damages produced with a sharp indenter and the adhesive and/or cohesive failures 
between coating and substrate have been investigated by field emission scanning 
electron microscopy and focused ion beam, respectively. The obtained results have 
shown that the main processing parameters controlling the mechanical response of 
the different multilayers is the zenithal angle of deposition and the number of 
layers in the multilayer stack, while the coating architecture had only a minor effect 
on the mechanical response. This analysis also revealed a higher resistance to 
scratch testing and a brittle failure behaviour for the low zenithal angle coatings as 
compared with the high angle ones. 
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1. Introduction 
Due to their outstanding optical, photoactive or protective properties, TiO2-SiO2 multilayer 
coatings are widely used for a large set of applications [1], where the micromechanical 
properties of the coatings in terms of hardness, elastic modulus and interfacial cohesion and/or 
adhesion with the substrate are key issues to assure the structural integrity and reliability of the 
components [1]. Mechanical stability is even more critical for nanostructured coating systems 
prepared by physical vapour oblique angle deposition (PV-OAD), also known with the term 
glancing angle deposition (GLAD) [2,3]. These nanocolumnar structures can be prepared in a 
wide range of architectures changing the zenithal angle of evaporation and rotationally moving 
the substrate during deposition [4,5]). In our group, TiO2-SiO2 multilayer nanocolumnar 
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systems behaving as 1D photonic crystals or Bragg microcavities have been used for liquid 
sensing applications [6,7]. Applications as polarized light emitters, selective transmitters or 
humidity sensors have been reported by others [8,9,10]. However, mechanical properties such 
as hardness, elastic modulus or interfacial cohesion of this type of nanostructured multilayer 
TiO2-SiO2 coatings have not been reported so far. In previous works, the mechanical properties 
of TiO2 nanocolumnar coatings made by PV-OAD were investigated as a function of the 
zenithal angle of deposition [19,21], finding a strong dependence between the mechanical 
response and the deposition angle. The objective of the present work is to characterize the 
mechanical response of multilayer coatings formed by a different number layers of TiO2 and 
SiO2 stacked in the form of distinct microarchitectures where the tilted nanocolumns in 
successive layers present slanted, zigzag or chiral configurations. To assess the mechanical 
behavior of these multilayers and to assess their mechanical integrity, herein we have carried 
out a systematic nanoindentation study using different indenter tip geometries and contact 
loading conditions (i.e. indentation/scratch) [11,12,13,14,15,16] and applying the well-
established Oliver and Pharr method of data analysis [17]. Special attention has been also paid 
to analyse the main damage and fracture events at micro- and nanometric length scales affecting 
both the whole layer assemblage and the coating/substrate interface as a function of the coating 
architecture. For this purpose, field emission scanning electron microscopy (FESEM) has been 
used to analyse the effect of the indenter on the coating integrity under scratch testing, while 
focused ion beam (FIB) has served to cross-sectioning the sub-surface damage zones induced 
under sliding contact tests and thus deduce basic features of the cohesive/adhesive failure 
mechanisms involved.  
 
2. Experimental procedure 
 
2.1. Coating deposition 
Nanostructured multilayer coatings consisting of three and seven succesive and alternant layers 
of TiO2-SiO2 have been prepared by electron beam evaporation of these two materials  at zenital 
deposition angles of 70º and 85º between the crucible position and the perpendicular to the 
substrates. The thickness of each single layer was adjusted at approximately 85 nm. Details 
about the deposition procedure and conditions can be found elsewhere [7]. While performing 
the deposition, the substrate was mantained fixed or azimuthally turned by 180º or 90º when 
passing from one layer to the next. These deposition conditions gave rise to slanted (S), zigzag 
(Z) and chiral (C) configurations where the tilted nanocolumns forming the basic microstructure 
of PV-OAD films arranged according to these architectures in the multilayer stack.  
Table 1 summarizes the labels used, deposition glancing angle, microarchitecture as well as the 
thickness of the different coatings under study. 
 

Table 1. Sample labelling, deposition glancing angle, number of kinks and thickness. 
Label Number of layers Zenithal angle of 

deposition (º) 
Mircoarchitecturea Thickness, t (nm)b 

3 70 S  3 70 S 255 
3 70 Z Z 
3 70 C C 
3 85 S 85 S 
3 85 Z Z 
3 85 C C 
7 70 S 7 70 S 595 
7 70 Z Z 
7 70 C C 
7 85 S 85 S 
7 85 Z Z 
7 85 C C 

a S: slanted, Z: zigzag, and C: chiral 
b All the coating systems presents a constant bilayer period equals to 170 nm 
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Figure 1 shows, for the case of seven stacked layers, a series of cross section FESEM 
micrographs of these multilayer coating films where it is clearly appreciable the different 
configurations of the tilted nanocolumns and the transition from one layer to next, this latter 
evidenced by the different brightness zones in the image. The schemes included in the figure 
clarify this different orientation of nanocolumns between one layer and the next. 
 

 
Figure 1. Schemes with the arrangment of nanocolumns in the successive staked layers and 
SEM cross section micrographs (left part is observed on backscattered electron image while in 
the right part is observed on secondary electron imaging) of the slanted, zigzag and chiral seven 
multilayer structures prepared by oblique angle deposition at 70º and 85º, as indicated.  
 
2.2. Mechanical integrity 
The different coatings were mechanically evaluated using a Nanoindenter XP from MTS, 
equipped with a continuous stiffness measurement (CSM) module, allowing the dynamic 
determination of the mechanical properties along the indentation process [18]. Tests were done 
with a Berkovich tip calibrated against a fused silica standard at a constant strain rate of 0.05 s-1. 
A regularly spaced array of 16 imprints (4 by 4) was done for each sample until a maximum 
penetration depth of 500 nm, and results were averaged for all measurements. Hardness (H) and 
elastic modulus (E) values were determined by the Oliver and Pharr method [17]. In addition, to 
directly extract the true hardness and elastic modulus of each coating, hardness was directly 
determined at a penetration depth equal to 10% of the coating thickness, and analytical or were 
used to deconvolute the elastic modulus of the coating.  
Sliding contact tests were done at a micrometer length scale by means of a nanoscratch fixture 
attached to the nanoindenter system referred above. A Berkovich indenter was employed to 
scratch at a velocity of 10 m/s the different coating under increasing load, up to a maximum of 
50 mN. Different scan tracks were done on each specimen at a fixed distance between tracks of 
200 m. 
 
2.3. Damage and fracture assessment 
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The surface damage associated with residual nanoindentation imprints and sliding tracks were 
visualized by field emission scanning electron microscopy at 20 kV (FESEM, JEOL 7100 F). 
The subsurface damage induced during indentation and scratch tests was inspected by means of 
focused ion beam (FIB). Cross-sectioning and microscopy was conducted in a dual beam 
Workstation (Zeiss Neon 40). A thin platinum layer was deposited on the sample prior to 
milling with the aim of reducing ion-beam damage. A Ga+ ion source was used to mill the 
surface at a voltage of 30 kV. The final polishing of the cross-section was performed at a current 
of 200 pA. 
 
3. Results and discussion 

 
3.1. Hardness and elastic modulus 
The variation of indentation hardness and elastic modulus as a function of penetration depth is 
reported in Figures 2. The plots in these figures evidence a clear influence of the deposition 
angle on the mechanical response of the coatings, but no significant effect of the type of 
microstructure. A similar behaviour has been previously found for TiO2 coatings [19] where, 
similarly to the multilayer system investigated here, the zenithal angle of deposition was the 
main parameter determining their mechanical properties. In this kind of analysis, at large 
penetration depths, when the plastic and elastic fields are not confined inside the coating, the 
mechanical properties are affected by the substrate. The increase in the apparent values of both 
indentation hardness and elastic modulus clearly observed in Figure 2 must be associated to the 
harder and stiffer nature of the silica substrate employed in this investigation. Substrate 
affections of the mechanical properties measurements of coatings can be suppressed by limiting 
the indenter penetration to 10% of thickness only to extract the intrinsic hardness of the coating 
without any surface influence, while in order to extract reliable values of the elastic modulus of 
the coatings have been obtained using the model proposed by Bec et al [20] to deconvolute the 
Young’s modulus curves. In this model, the dependence of elastic modulus (E) on penetration is 
taken as follows:   
 

        (1) 

 
where Eeff is the effective elastic modulus determined though the equation proposed by Oliver 
and Pharr [17], the subindexes f and s refer to film and substrate, respectively, a is the contact 
radius, and t is the thickness of the coating. The Poisson coefficient is kept constant to 0.25 for 
all the specimens investigated here.  
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Figure 2. Mechanical properties for the indicated coated systems as a function of zenithal angle 
of deposition  (70º and 85º), microstructure ( S: slanted; Z: zigzaged and C: chiral) and number 
of layers (3 and 7) as a function of the displacement into the films. Hardness (left hand) and 
Elastic modulus (right hand). 
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Table 2 summarizes the values of hardness and elastic modulus calculated according to both the 
10% rule and the Bec et al. [20] model. The hardness data presents a relatively large scatter due 
to the heterogeneity of the coating in terms of local variation in column geometry and porosity. 
These data are also presented in Figure 3a and b, in order to better compare the different values 
of hardness and elastic modulus, respectively.  
 
Table 2. Hardness (H) and elastic modulus (E) extracted by nanoindentation for the different coatings 
investigated here using the 10% rule and the deconvolution of the indentation elastic modulus thought the 
Bec et al. model [20], respectively. S: slanted, Z: zigzaged and C: chiral.  
Number of layers Deposition Angle Micro-architecture Label  H (MPa) E (GPa) 

3 

70º 
S 3 70 S  645 ± 307 11.7 ± 4.3 
Z 3 70 Z 778 ± 176 12.7 ± 3.5 
C 3 70 C 725 ± 242 15.8 ± 3.9 

85º 
S 3 85 S 158 ± 47 5.1 ± 1.3 
Z 3 85 Z 175 ± 47 4.6 ± 0.9 
C 3 85 C 193 ± 78 4.9 ± 1.9 

7 

70º 
S 7 70 S 430 ± 182 11.7 ± 4.3 
Z 7 70 Z 675 ± 48 21.9 ± 5.0 
C 7 70 C 662 ± 86 15.4 ± 3.9 

85º 
S 7 85 S 177 ± 45 4.9 ± 1.9 
Z 7 85 Z 180 ± 87 5.8 ± 1.7 
C 7 85 C 114 ± 65 5.3 ± 2.6 
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Figure 3. Hardness (a) and elastic modulus (b) bar diagrams of the different investigated 
samples. 
 
This figure clearly shows that hardness and elastic modulus depend on the deposition angle, a 
result that agrees with previous results for TiO2 PV-OAD coatings [19,21]. Common features of 
PV-OAD thin films, including the TiO2-SiO2 multilayers studied here, are that both the tilting 
angle of nanocolumns and the void space increase with the deposition angle (c.f., Figure 1) 
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[2,3,6,7]. This is also the case for multilayer coatings as can be evidenced in the FESEM 
micrographs of the slanted microstructure in Figure 1, where an increase in the tilting angle of 
nanocolumns from about 30º to 45º can be appreciated when examining the micrographs of the 
70º and 85º samples, respectively. We attribute to the combination of these two morphological 
features the fact that the stiffness in the normal direction and the E and H values are lower for 
the higher zenithal angle coatings. Unlike this dependence on the deposition angle, other 
morphological features such as number of layers and stacked layer configuration appear to have 
a negligible influence on the nanoindentation response. A plausible explanation for this 
invariance is that even for low indenter penetration depths of around 100 nm, this value is 
already larger than the individual layer thickness (i.e.,  around 75nm) and therefore the 
measured convolution of the mechanical responses of the two materials render no differences 
between 3 or 7 stacked layers coatings. Moreover, for shallower penetration depths, surface 
effects, especially roughness, would make the measurements unreliable. 
The microarchitecture of the coatings (i.e., slanted, zigzag or chiral configurations) also appears 
to have a small influence on the nanoindentation response. We attribute, this invariance to the 
averaging of the individual nanocolumnar features in each layer of the coating within the total 
and much larger volume of the nanoindentation imprint.  
 
3.2. Sliding contact analysis and damage events 
Due to their larger thickness and superior structural integrity, studies on possible relationships 
between coating microarchitecture and scratch resistance were carried out with the 7 layers 
samples deposited at 70º. Figure 4 shows a series of top-view FESEM images of the 
nanoscratch tracks produced on samples with chiral, zigzag and slanted microstructures. During 
scratch, all samples presented similar resistance to penetration depth. Furthermore, a common 
feature in these micrographs is the appearance of several damage events (like microcracks and 
spalling) at the track sides.  
 

 
Figure 4. Top-view FESEM images along the nanoscratch tracks (from 0 up to 50 mN of maximum 
applied load) for the 7 layer 70º specimens of different coating microstructure as indicated showing 
damage tracks induced in each case.  
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Damage, appearing at low applied loads (5mN) can be attributed to a combination of 
delamination and radial cracking mechanisms [22,23,24,25] that differed depending on sample 
microstructure. Thus, delamination predominated in sample C, radial cracking in sample S and 
an intermediate behaviour was found in sample Z, with surface damage appearing at slightly 
higher load values than in the two other coating types. At higher loads, the two types of damage 
were evident in the three types of coatings, although the delamination degree was higher for 
sample C than in the other two samples. To get a better insight of the interfacial fracture 
mechanisms, several FIB cross-sections were acquired at the position where a 37.5 mN scratch 
load was applied (i.e., corresponding to a scratch length of around 150 m). Figure 5 evidences 
that damage deformation is mainly located within the coating, without any influence of the 
substrate. Samples C and Z present a similar damage behaviour, consisting of a neat 
delamination from the substrate, some interlayer delamination and a considerable cracking 
specially in the zones of maximum curvature. This cracking suggests that the damage may have 
been produced to accommodate the coating bucking. Unlike these two samples, coating S 
depicts smaller delamination area accompanied by a quite wider coating cracking.  
These differences in mechanical response can be rationalized in terms of the different 
microarchitectures of the coatings. Sample S is made of straight slanted columns which makes 
the crack propagation easier, while samples C and Z are composed of twisted columns that will 
interfere with the crack growth. Therefore, in samples C and Z the loading induces a 
deformation that extends through the whole coating and ultimately lead to cracking due to strain 
accumulation. As a result, S coatings are more brittle and their fracture easier, while C and Z 
coatings are able to accommodate the scratch loading deformations by buckling and 
delamination, leading to cracking in the regions of maximum strain.  

 
Figure 5. High magnification FIB cross-section images perpendicular to sliding direction using 
a Berkovich indenter for the whole set of specimens labelled in Table 1 as 7-70, showing the 
microstructural changes at the subsurface, along the nanoscratch track (applied normal load of 
37.5 mN, which corresponds to a scratch length of around 150 m) for (a) S, (b) Z, (c) C.   
 
4. Conclusions 
 
In this study we have characterized the mechanical stability and damage behaviour of TiO2-SiO2 
PV-OAD coatings under different stress fields in order to determine their mechanical properties 
(i.e. hardness and elastic modulus). In addition, we have studied the different damage scenarios 
under sliding contact. From the analysis of the experimental results, the following conclusions 
have been drawn: 

i) The main processing parameter controlling the mechanical response of the coatings 
is the zenithal deposition angle. Other features such as the layer architecture and 
number of layers play a minor role. 
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ii) Critical load for all the coating systems is around 5 mN. Cohesive damage in 
microscratch testing by using a sharp Berkovich indenter tip is independent of the 
coating microstructure. Interfacial decohesion is observed for the TiO2-SiO2 
coatings with chiral and zigzag microstructures, while for the slanted coatings large 
microcracking can be appreciated around the edge of the sliding tracks.  
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