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Abstract: Indentation hardness and scratch tests are common techniques 

used in industries and laboratories to determine the mechanical properties of 

thin films. Here, we propose to determine a relative value of the elastic 

modulus and hardness of thin films composed of a mixture of 

polydimethylsiloxane and polymeric silica with elastic properties and self-

healing effects. For this study, a homemade nano-indenter and nano scratch 

tester has been designed with a microscope and a scanning stage allowing the 

carrying out of measurements on transparent materials having a weak elastic 

modulus and the possibility to identify a self-healing effect of these films. 

 

Keywords: nano-indentation, nano-indenter, thin film, PDMS, polymeric 

silica, elastic modulus, hardness, nano scratch test, self-healing. 

 

1. Introduction 

 

Indentation and scratch tests are used in laboratories and industries to 

determine the mechanical properties of thin films and adhesion. Generally, a 

diamond indenter with a specific geometry (spherical, pyramidal or conical) is 
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used to impress its shape on the film surface by using a known load [1-2]. 

However, the measured hardness differs as a function of the indenter shape 

(Brinell, Vickers, Rockwell, Shore… hardness) and associated parameters 

(duration, load…). The typical problems encountered with the indentation in 

the field of thin films are linked to their weak thickness and more particularly, 

for the sol-gel films, to their high porosity. The aim is to study films with 

elastic properties that could absorb shocks induced by the power laser beam 

absorption. Indeed, these shockwaves can increase the size of previously 

produced laser damage [3]. The absorption processes due to laser beams by a 

thin film are numerous and complex. The aim of this paper is limited to 

having better knowledge of the mechanical properties of elastic layers to 

improve studies on laser-matter interaction with elastic layers. As such, the 

effects of the power laser beam absorption on the layers are not developed in 

this paper. This study is part of the LMJ (Laser MégaJoule) project. It is a key 

component of the simulation program of the Commissariat aux Energies 

Atomiques et aux énergies renouvelables. Its purpose is to study, on a very 

small scale, the behavior of materials under extreme conditions like those 

reached during the operation of nuclear weapons. The LMJ officially became 

operational in October 2014, with the weapon physics experiments. It was 

designed to achieve inertial confinement fusion. It will deliver in a few 

billionths of a second more than one million joules of light energy on a target 

measuring a few millimeters in diameter. The optical components of laser 
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channels working in transmission are produced by a sol-gel process on which 

laser-damage appears from time to time. We hope that the introduction of an 

elastic layer will help reduce the amplitude of the mechanical waves 

generated by the weak absorption of the laser pulse and so decrease the risk of 

further laser damage (Fig. 1). Indeed, as the propagation of shock waves 

depends on the material elastic modulus E (the sound velocity Csound is equal 

to �� �⁄  with ρ the density), one way to control it is by developing layers 

with weak elastic modulus to cover the optical components made of fused 

silica (Csound ≈ 5 km.s-1 [4-5] in fused silica while Csound ≈ 1.7 km.s-1 in our sol-

gel films [6]). 

The layers studied here can also have self-healing properties to heal the 

potential damage that could appear under laser flux [7-10] as shown in section 

3.3. They are composed of cocondensation between polydimethylsiloxane 

(PDMS, formula HO[Si(CH3)2O]nH) [11-12] and tetraethylorthosilicate [11, 

13-16]. The resulting nanocomposites demonstrate tunable elastic properties 

and a possible self-healing effect thanks to the incorporation of PDMS into 

the SiO2 network. To optimize these films, we have used various techniques 

to identify the optical characteristics [17-20], measure their stress level [21] 

and determine their elastic modulus [5-6, 22]. In this paper, we used a 

homemade nano-indenter built from a microscope equipped with an x*y 

motorized stage. It makes measurements on transparent elastic materials with 

weak elastic moduli that are deposited upon a substrate as thin film. The 
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possible self-healing effect of our transparent materials is also checked. In the 

future, we wish to increase the laser damage threshold of our components by 

reducing mechanical shock waves thanks to a viscoelastic layer (Fig. 1). 

2. Experimental setup and characterization 

 

2.1 Experimental setup and calibration 

 

Hardness measurements were carried out with a laboratory-built nano-

indenter/scratch tester that can be modified based on experimental needs. 

Nano scratch test measurements were performed with various associated 

parameters [23-25]. The experimental setup is given in Fig. 2. 

This laboratory-built indenter was designed with a Leica DMR microscope 

equipped with x&y scanning stages (Multicontrol 2000) with a range of 

47.3*74.4 mm² and a 1 µm resolution, a V500 digital camera with a 640x480 

pixel chip for imprint observation [26], a conical diamond indenter (Fig. 3), a 

microscope with objectives ranging from X5 to X100, operable in brightfield 

(BF), darkfield (DF) and differential interference contrast (DIC). This 

equipment was computer-driven by a LabVIEW program that controlled 

microscope focusing. Z-axis resolution was 50 nm. The setting and 

acquisition of camera settings used (gamma, gain, shutter…), the scanning 

stage movements (acceleration, speed, courses along x and y) and the 

necessary corrections of slope and concentricity defects caused by objectives 

used were monitored by the computer. The sample illumination was defined 
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by the integration of the luminous flux reflected by a reference sample 

(polished silica substrate). To ensure the measurement reproducibility, this 

light intensity adjustment was better by 1 % compared to our reference 

intensity. 

The indenter and its holder were fixed on a rail (Fig. 2) positioned above a 

scanning stage that held the tested sample. The conical diamond indenter had 

a 61.3° angle and seemed satisfactory when observed through an optical 

microscope (Fig. 3). 

Scanning Electron Microscope (SEM) photography showed that the 

indenter is more spherical than conical (Fig. 4) for our application, with a tip 

radius estimated at 20 µm. In section 2.3 further details will be developed 

about the indenter shape to consider.   

Motorized stages enabled the adjustment of the indenter location along the 

y-axis. The z-axis was fitted with the microscope to see the mark left by the 

indenter in the camera field. Correction of the slope coming from either the 

parallelism defects of the substrate or the stage displacement can be done 

thanks to the previous acquisition of some images’ heights located at three 

extreme spots of the measurement surface (nevertheless the samples, being 

optically polished, should be flat). This correction was done during the 

indenter displacement by adjusting the z-position. The z-position at which 

focalization was satisfactory was determined using a reference image on 

which the focalization had been correctly adjusted. Before each measurement, 
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an initial set of images corresponding to future locations of either the imprints 

or the scratches were displayed and stored to consider possible local defects of 

the analyzed layer. After indentation tests, images showing the change of 

either the indentation matrix or the scratch state were recorded to follow their 

evolution and determine the appropriate self-repairing kinetic. Microscope 

focus was adjusted with the vertical displacement of its stage, enabling control 

over the load applied on the sample. The indentation or scratch force was 

calibrated thanks to an accurate weighing scale (accuracy = 0.1 mg). This 

calibration method only gives a relative value of the load. Indeed, the scale 

can be modeled as a spring and the indentation or scratch force, when applied 

on the surface of the scale, gives a result of the load applied relative to the 

stiffness of the scale and of the layer. This explains why a β coefficient is 

used for the F load applied. The indenter was attached to the motorized 

translation stage with a 0.1 µm resolution. Indenter placement was adjusted to 

be in contact with the weighing scale tray. The weight was then recorded 

according to displacement. The curve is given in Fig. 5 with a slope of 0.324 

mN.µm-1. As the microscope sensitivity along the z-axis was equal to z = 50 

nm for its displacement, the load sensitivity was equal to 1.65 mg, so 

approximatively 16 µN. For more details on illustrations and calibration of the 

system, please refer to reference [6]. 

Fig. 6 and Fig. 7 respectively describe our device operating mode for the 

indentation and the scratch. A matrix of Nx×Ny points with a Sx step in x and 
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a Sy step in y has been carried out to test hardness. Between each point, the 

indenter depth increased by ∆z (µm). Load was thus increased by 0.32 β.∆z 

(mN) and the slopes relative to the sample flatness and the orientation defects 

of the microscope stages were corrected. The images corresponding to each 

indentation location were then stored with a suitable objective microscope. 

The indentation duration, although adjustable, remained constant when the 

indentation matrix was carried out. It was fixed to 1 second. It was possible to 

set the speed of penetration between 1 and 20 mm.s-1, but 20 mm.s-1 was 

selected for our tests. As the viscoelastic response of the layer studied here 

took a few hours, a time delay of a few seconds between indentation and 

image recording does not therefore lead to a measurement bias. For the 

scratch test, Nx lines with a Sx step in x have been carried out. During the 

displacement, the slope related to the sample flatness or the orientation defect 

of the microscope stages has also been corrected. Pictures were taken before 

and after the scratch test with the appropriate objective microscope. 

Fig. 8 is an example of two intercrossed indentation matrices with a step of 

0.25 mm and a vertical motion of ∆Z = 200 or 800 nm between each line. 

Moreover, according to the indentation images taken, it has been possible to 

determine the aspect of a satisfactory indentation.  

 

2.2 Evaluation of contact stiffness 
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In the context of a typical indentation, indenter resistance to elastic and 

plastic deformation is much greater than that of the surface layer. A schematic 

diagram of the indenter is shown in Fig. 9. 

The indenter can be described as a column with an extremity composed of 

a linear-elastic element with a given spring stiffness. The stiffness of the k 

indentation system after contact with the surface layer is related to the spring 

and contact stiffness (the elements are in series):  

1

k
 = 

1

ks

 + 
1

kt

 
(1) 

The stiffness ks of the spring is given by:  

ks = 
Es . As

Ls

 
(2) 

With Es the elastic modulus of the indenter column, AS the cross-sectional 

surface and Ls the length of the column (Ls = b - a). This latter is made of 

steel, so Es = 200 GPa [27], and knowing the column to be a 5 mm circular 

rod of diameter 1.07 mm we find ks ≈ 36.106 N.m-1. 

The contact stiffness kt is given by [27] (for a circular contact): kt = 2.r.M, 

where M is the indentation modulus of tip-surface. It considers deformation in 

both the tip and the surface during contact and is equal to:  

1

M
=

1

Mtip

+
1

MSurface layer

 
(3) 
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With Mtip the indentation modulus of the tip and MSurface layer the indentation 

modulus of the layer. Supposing the material to be elastically isotropic, we 

obtain the following relation: 

MSurface layer=
Esl

1-νsl
2

 
(4) 

Here, the layer considered is a hybrid silica-PDMS with an Esl  elastic 

modulus and νsl Poisson’s ratio. As Esl = 50 GPa (if we take the higher value - 

obtained with 10 wt. % of PDMS [22]) and ��� = 0.5, it gives MSurface layer ≈ 67 

GPa. Moreover, for a typical diamond indenter used in nano-indentation [27], 

Mtip = 1,150 GPa. Thus, the indentation modulus is M ≈ 63 GPa. Then, the 

contact stiffness, for a nano-indentation contact radius of r = 20 µm is kt ≈ 2.5 

MN.m-1. The contact stiffness is less than the spring stiffness kt < ks, so most 

of the indenter displacement is taken up by the contact and we have negligible 

deformation of the spring (a << b). Additionally, the value of the surface 

indentation modulus is less than the indenter modulus: MSurface layer < MTip. 

This explains why it is reasonable to neglect the indenter column stiffness. 

However, it is planned to properly determinate its value in further 

experiments.  

 

2.3 Determination of the contact area 

 

The experimental scratch test is given in Fig. 10. It makes scratches, i.e. 

lateral displacement of the tip with a controlled depth on the layer surface in 
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order to penetrate the thin film and inflict damage on the scale of its thickness. 

The scratches have a maximum target depth of half the film thickness. 

Each image (Fig. 11. a) of the imprint taken either in brightfield, darkfield 

or in differential interference contrast (DIC) was treated (Fig. 11. b) with the 

ImageJ software [28] to measure the contact surface Aimprint, also called 

projected area or surface. A portion of the image presenting the indentation 

was selected. Then, an analysis of particles was applied to the selected portion 

of the image. The indentation surface was given by the main surface defect. 

The pixel sizes of the camera were standardized with a calibrated target for 

each microscope objective. In this way, the hardness H (H = F/Aimprint) was 

determined with the known β.F load applied. The visualized indent surfaces (a 

few square microns cf. Fig. 11) are nearer to a spherical indenter imprint than 

the one made by conical indenter. One way to determine which shape of the 

indenter was leading is to calculate the himprint indentation contact depth from 

the projected area. The relationship between projected surface AImprint and 

penetration or indentation contact depth hImprint for a spherical indenter is 

given by: 

AImprint = − π.himprint
2 + 2π.R.himprint (5.1) 

and for a conical indenter:  

AImprint = π.himprint
2.tg2θ  (5.2) 

For a layer of 1.4 mm thickness with Aimprint = 4.5 µm2, θ = 30.65° and R = 20 

µm, from the Eq. 5.1 and Eq. 5.2 one obtains hImprint = 36 nm for a spherical 
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indenter and hImprint = 2 µm for a conical indenter. Yet, 2 µm is greater than 

the layer thickness, which is not possible in this case because the tip 

displacement was 800 nm at most. Thus, the himprint obtained for a conical 

indenter is incompatible with the layer thickness and with the h tip 

displacement, which confirms the SEM photography analyze (Fig. 4). For the 

scratches, the relationship becomes: 

Spherical indenter AImprint=2 .L.�R2-2.h.R+ℎ��������  (6) 

 

where L is the length of the scratch measured experimentally on photograph 

taken with the microscope. 

Another way to verify the accuracy of assimilating the indenter shape to a 

spherical shape is to calculate the himprint/R ratio, where himprint is 0.2 µm for its 

highest value (determined from the highest measure of AImprint and from the 

Eq. 5.1).  One should find 
��������

� ≤ 1 − "#$ & [29], with & half the angle of 

the indenter equal to 30.65°. This gives himprint/R = 1.10-2. The inequality is 

verified. Thus, the determination of the hardness, in particular the projected 

area AImprint was done by considering the indenter with a spherical shape. 

 

3. Manufactured sample and results  

 

3.1 Sol-gel layer used 
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The sol-gel layers were deposited by spin-coating technique with a hybrid 

silica-PDMS solution on a 50 mm diameter and 5 mm thickness silica 

polished substrate. The material synthesis is made from tetraethylorthosilicate 

and a PDMS reagent that leads to a silica-PDMS ormosil formulation via a 

sol-gel reaction [6]. The substrate is then coated with the ormosil solution. 

The spin coating technique [30] consists of putting a few drops of the sol-gel 

solution on a substrate while it is rotating at high speed. The rotation caused 

the solution to spread approximatively uniformly on the substrate and the 

thickness was controlled with the solution viscosity and the rotation speed. 

The spinning speeds used to make our layers were between 1,500 and 4,000 

rpm and were maintained for 20 seconds, with an acceleration rate of 1,000 

rpm.s-1. The substrates were coated at room temperature. An appropriate heat 

treatment was carried out at 120°C during 1.5 hours with pre-heating steps 

(Fig. 12) to avoid the apparition of thermal stress inducing cracks in the 

coating. 

This thermal treatment eliminated solvents and undesirable products obtained 

from the chemical reaction and still there. Moreover, it also activated the 

chemical bounds between the surface silanol groups (Si-OH) of the substrate 

and the sol-gel species of the layer to increase layer hardness. The main 

parametric studied concerned the variation in mass (expressed in wt. %) of 

PDMS (from 10 to 40 wt. %) in the polymeric silica, the pattern number n of 
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the PDMS chain























−−

3

3

CH

  SiO

CH

 and the catalysis used during the synthesis: 

either hydrochloric acid (HCl) or triflic acid (trifluoromethanesulfonic TFS). 

The film thickness was measured thanks to a spectrophotometer Perkin-Elmer 

after thermal treatment [31- 32]. Two types of PDMS were used, one with a 

viscosity of 0.25 St and a molar mass estimated around 550 g.mol-1 according 

to the supplier Sigma-Aldrich, the other between 18 and 22 St and a molar 

mass measured around 14,234 g.mol-1. The difference in viscosity is related to 

the difference in the length of the PDMS chain (n) that we measured by using 

an exclusion chromatography (see Table 1) [33]. 

 

3.2 Determination of the hardness and elastic modulus 

 

The curves of loading versus contact depth given in Fig. 13 show the 

differences in hardness of hybrid silica-PDMS layers. For a same value of 

load, the himprint contact depth is higher for the formulations with a lesser 

PDMS ratio. For example, in the case of the PDMS with a molar mass of 550 

g.mol-1 and a viscosity of 0.25 St, the layer silica-PDMS at 40 wt. %, for a 

same value of load, has a lesser residual penetration of the tip than the one 

with 30 wt. % PDMS and this latter has also a lesser residual penetration than 

the one with 40 wt. % PDMS. Experimentally, we only have access to the 

value of the plastic deformation, and thus the residual tip penetration as we 
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determined himprint from the image of the contact surface Aimprint. For small 

values of load (less than 35 µN), the behavior of the hybrid at 10 wt. % and 30 

wt. % PDMS is similar. So, having a penetration depth lower when the ratio 

of PDMS increases in the hybrid silica-PDMS, for a given value of load 

(higher than 35 µN) is explained by the difference in elasticity of the hybrids 

caused by the introduction of the PDMS in the rigid polymeric silica matrix 

[4-5]. Indeed, for a higher value of the PDMS ratio, the material is less rigid, 

as the PDMS is an elastomer. Thus, the elastic response of the hybrid 

increases with the PDMS ratio, explaining why the residual penetration depth 

measured is lower with 40 wt. % PDMS. So, when the tip lowers, once 

positioned at the contact surface, the elasticity of the layer allows the tip to 

vertically displace from a certain distance before penetrating the layer and 

thus, damaging it. It is the surface displacement around the contact surface 

due to the elastic response of the layer. As we only have access to the residual 

penetration depth, the more himprint value is high, the more the layer is rigid for 

a given tip displacement.  Moreover, the influence of the viscosity is also 

visible on the Fig. 13. The layers with PDMS at 22 St in viscosity show a 

deeper penetration of the tip for a given load compared to the other layers 

made with the PDMS at 0.25 St. As expected, viscosity and elastic properties 

are two important parameters that influence the hardness of layers.   

The relative hardness measurements of the various ormosil layers are given 

in Fig. 14. The trend of the hardness is to increase with the length of the 
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PDMS chain (the more the chain is long, the more the viscosity is high) and 

with TFS catalysis. Plus, the hardness decreases when the PDMS ratio 

increases, as seen above. However, when it comes to nano-indentation, a 

question remains: how to be sure that what is measured is not the hardness of 

the substrate? Usually, the Bückle rule provides a reasonable starting point 

[34]: the indentation depth should not exceed 10% of the layer thickness if 

you want to measure the hardness of the layer without any substrate effect. 

Otherwise, the plastic response associated with the indentation will be 

contained entirely within the film and the elastic response of the substrate will 

be negligible. In cases where the film is not too thin and the indenter not too 

blunt the assumption gives reasonable results. However, experimental and 

numerical studies on coated materials have shown the inadequacy of this rule 

[35, 36]. According to these works, although there is no elastic deformation 

(on the part of the substrate), the response of the film-substrate system 

corresponds to the film response only for indentation depths less than 1% of 

the thickness. In addition, for an indentation depth beyond 2% of the film 

thickness, the elastic response of the coated substrate differs from the film and 

may account from 10% to 90% in the values measured for the deposited layer. 

This explains why in the experiments of this article, the tip has not been 

pushed more than 1% of the layer thickness (Fig. 14. a). Even though the tip 

penetrated the film of less than 1%, the effects of the substrate are visible on 

some hardness vs penetration depth curves (Fig. 14. a). Indeed, on such 
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curves, the hardness has three areas of variation with depth of indentation: 

growth (at low loads), plateau and decay for large deformations [37] as shown 

in Fig. 13. b. The curves derived from our experiments (Fig. 14. a) follow the 

ones of the literature (Fig. 14. b). The value of the hardness on the plateau is 

attributed to the film [37]. Indeed, once we have a fully developed plastic 

zone, the hardness of the film should reach a constant or a plateau. At larger 

loads, or greater depths, the influence of the substrate will not be negligible 

and the hardness may increase or decrease according to the relative hardness 

of the film and substrate. As we used a tip that was not sharp enough, it is 

normal to see the influence of the substrate surface even at very small depth 

penetrations [37].  Indeed, if the indenter is too blunt, then most of the 

deformation may be elastic and the mean contact pressure so measured will 

not reflect perfectly the film hardness. 

Knowing the displacement of the tip during the loading and the depth of 

penetration h after the unloading for the point matrix, we can determine the 

elastic modulus Et of the layer by using the relationship given by Sneddon 

[38] and the reduced modulus Ersl [39-40]: 

E()* = 1
 γ

√π
2

S
�A(h)  with 1

E()*
= 61 − υ)*� 8

E)*
+ (1 − υ:�)

E:
 

where: S is the contact stiffness, S = dF/dh, νsl and νt are the Poisson's ratio of 

the layer and the tip respectively, Et is the elastic modulus of the tip, γ is a 

geometrical constant of the order of unity. The contact stiffness has been 
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calculated by determining the hs surface displacement around the contact 

surface due to the elastic response of the layer. It is given by: h = hs + himprint, 

where h is the tip displacement. The F load, even given relatively to a β 

coefficient (taken equal to 1 here), permits to find values of the elastic 

modulus very close to results coming from the commercial nano-indenter of 

the Anton Paar Company (Fig. 15. a). Differences appear between the results 

from the homemade nano indenter and those from the commercial indenter as 

the results from the homemade nano indenter are only relatives. However, the 

trend remains: the value of the elastic modulus is higher with a higher wt. % 

PDMS. Furthermore, the relative elastic modulus increases with TFS 

catalysis. It decreases with the PDMS ratio (Fig. 15. a). Thus, we find again 

the trends obtained by Mackenzie [11] about the PDMS mass bulk (Fig. 15. 

b). 

 

3.3 Scratches: mechanism of self-healing 
 

In Fig. 16, an evolution over time of the scratches for some layers has been 

observed. For example, when the PDMS (550 g.mol-1) ratio reached 40 wt. % 

with HCl catalysis, a self-healing effect of the thin film is shown. Indeed, 

when observed with a magnification microscope of X50, the scratches 

decreased over time. When the PDMS ratio reached 30 wt. % with HCl 

catalysis, no evolution of the scratches over time is observed. Scratches at 200 



18 

 

nm and 500 nm depth fade clearly over time at room temperature, showing a 

self-repair mechanism of the layer since a large part of the damage is erased in 

a few hours. Having healing properties with only the 40 wt. % layer (in the 

case of PDMS 550 g.mol-1) shows that the mechanism governing the repair is 

largely related to viscoelastic phenomena characterized by stress relaxation 

leading to damage recovery. 

 

 

The kinetics of the surface evolution (Fig. 17) can be adjusted by two 

exponential functions that indicate two mechanisms of healing: one short-term 

( τ1 is the decay time) and the other long- term (τ2 is the decay time). 

Our indentation measurements being made in a few minutes, the recorded 

surfaces stay close to indented surfaces.  

The evolution has been studied from a mechanical point of view leading to 

a Burgers model. 

The time-dependent viscoelastic response of the silica-PDMS film can be 

described by the Burgers model [41-42] (Fig. 18) which corresponds to an 

association of the Voigt-Kelvin model with the Maxwell model by adding up 

the deformations of the two models and by taking the same strain for the two 

models.  

The Burgers model fit follows the experimental data. So, the scratches, 

observed in the Fig. 16 decreased over time thanks to the viscoelastic effects 

of the thin film.  
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4. Conclusion  
 

We modified our microscope to allow the evaluation of mechanical properties 

in relative terms of our hybrid layers such as the determination of hardness 

from the imprint surface and elastic modulus thanks to the indentation matrix. 

The pre-focalization made before the indentation permitted to correct the bad 

flatness of our silicon substrates. We were able to rank our materials in 

hardness from the imprint surface. The scratch tests highlighted that some of 

our layers had self-healing properties. Two different decay times have been 

identified and we found that the self-healing was linked to the layer viscosity. 

Our layers show viscoelastic properties over a long time which indicates that 

our measurements are correct because the time put to made measurement is 

short when compared to the characteristic times found. 

We are going to improve our device with an increasing magnification of 

our microscope to get a larger imprint surface recorded. We will also change 

our tip; this one will be fixed on a stage carrying out nano-displacements. 

Moreover, the spring stiffness of the indenter system will be precisely 

determined. The addition of a nano-force sensor on the microscope will 

permit a better determination of the values of the mechanical properties of our 

hybrid layers, instead of having only a trend.  

Another study will also be made to determine the viscosity of the solution 

silica-PDMS once deposited onto its layer form. Indeed, the viscosity of a 
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liquid is not the same as the viscosity of a layer. Thus, the Burgers model will 

be more accurate. 

Finally, the optimized layer with the smallest value of hardness is the 

hybrid silica-PDMS with 40 wt. % PDMS.  
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