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1. Introduction 

 
The continuous development of all industries creates 

demand for increasingly sophisticated materials that would 
meet the required properties  mechanical, thermal, chemical 
etc.  as accurately as possible. This gives rise to new types of 
materials, for example in the form of thin coatings. Thin films 
of a new type have been developed, including hybrid or-
ganic  inorganic  (O-I) nanocomposite materials that can be 
widely used in various applications. O-I films are applied to 
various substrates. They are extensively prepared due to the 
fact that their final properties can be appropriately adjusted 
using a wide selection of organic monomers, metal alkoxides 
and solvents. O-I products are used as optical paints, biomate-
rials, membranes, as protective coating against scratches, 
corrosion, oxidation, etc. In terms of environment protection, 
it is important that water or its mixture with alcohols can be 
used as a solvent. 

Their proper use requires good knowledge of the struc-
tural arrangement of the material. Due to the different struc-
ture of their composition, the mechanical properties of poly-
mers significantly vary from those of metallic materials. The 
rapid development of technologies has made it possible to 
assess the structure and properties of substances not only in 
the macroscopic scale, but allowed us to reach the nm-scale as 
well. The final condition of the whole system depends on 
mechanical properties of thin layers and, therefore, the practi-
cal applications of O-I films require proper knowledge of 
such properties. The most important characteristics of coat-
ings include hardness and modulus of elasticity. These prop-
erties are derived from the dependence of indenter penetration 
on the applied load (indentation curve). This paper focuses on 
the analysis and characterization of selected O-I films. Sur-
face hardness was determined using nanoindentation tests and 
the effect of the amount of filler (colloidal silica) was as-
sessed. 

 
 

2. Experimental Material  
 
[3-(Glycidyloxy)propyl]  trimethoxysilane  (GTMS, 

Fluka); diethoxy[3-(glycidyloxy)propyl]-methylsilane (GMDES, 
Fluka), oligo(oxypropylene) diamines and triamine, Jeffamine 
D-230, D-400 and T-403 (D230, D400 and T403 Huntsman 
Corporation, USA), colloidal silica (SiO2 40% solution in 
water;  d  =  29  nm;  Ludox  AS-40,  Aldrich,  propan-2-ol 
(Lachema,  Czech  Republic)  and  hydrochloric  acid,  38% 
(Lachema, Czech Republic) were used as received. Function-
alised organosilicon precursors (GTMS, GMDES or GTMS 
and GMDES) were mixed with water, propan-2-ol, and possi-
bly with colloidal silica particles and stirred for 24 h at ambi-
ent temperature. 

The pH of the mixture was adjusted to 4 with dilute HCl. 
Then a solution of the respective oligomeric amine (D230, 
D400 or T403) in aqueous alcohol was added. The reaction 
mixture was stirred at ambient temperature for 1 h or 2.5 h. 
Due to the alkaline nature of Jeffamine, pH of the resulting 
reaction mixture increased to 8  9. 

Then the reaction mixture was spread on glass or modi-
fied polypropylene sheets with constant thickness using a bar 
coater with a 300 m gap. The sheets were immediately 
placed into an oven and kept at 80 °C (2 h) and 105 °C (1 h). 
The thickness of the final coatings was 150 ± 10 m (ref.13). 

Nanocomposite coating consists of an organic polymeric 
matrix and inorganic nanostructures. 

It is a hybrid organic-inorganic product. The glassy coat-
ing is formed at moderate temperatures: the inorganic section 
was formed by the so-called sol-gel process consisting of two 
consecutive steps  acid hydrolysis and basic polycondensa-
tion of organosilicon precursors at laboratory temperatures. 

Subsequently, an organic matrix was formed using the 
process of staged polyaddition at temperatures of 80 and 105 °C. 
Nanofillers were added to the reaction system in the form of 
dispersion before the organic polymeric network was created 
(ref.13). 

Coatings were prepared at the Institute of Macromolecu-
lar Chemistry AS CR in Prague. Based on previous studies of 
the preparation process and the multidisciplinary characteriza-
tion, a system where the basic components included [3-di-
ethoxy3-(glycidyloxy) propyl]methylsilane (GMDES) and 
oligo(oxypropylene) triamine (T403) was chosen. 

The resulting products are colorless and optically clear, 
remarkably smooth. Part of the products was applied to glass 
and part to metal, then peeled off after becoming dry, thus 
producing a separate film13. 

 
 

3. Nanoindentation Measurement 
 
The assessment of recorded indentation curves provides 

a substantial volume of information used to review the plastic, 
elastic and fracture properties, both of the layer-substrate 
systems and separate layers (values of nanohardness, modulus 
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of elasticity, energy consumed for indentation, its elastic and 
plastic components). The indentation tests were performed 
using a Berkovich indenter and the Nano Indenter XP device. 
The Nano Indenter XP device is equipped with a module al-
lowing to perform the measurement using an optional CSM 
module that makes it possible to recognize deep changes in 
mechanical properties from a single indent. 

Using the Nano Indenter XP, deep changes in nanohard-
ness and the indentation modulus of elasticity were measured 
for samples with different content of silica. Furthermore, sam-
ples applied to glass O-I-G and foils O-I-F were compared. 

Fig. 1 and 2 show a typical indentation curves for O-I-F 
composite layers (Figure 1 for an additive-free sample and 
Fig. 2 for a sample with 25% of an additive). Maximum in-
dentation depth was 2 m. The indentation curves indicate 
that the additives increase layer resistance to indenter penetra-
tion. 

The values of hardness and modulus of elasticity are 
compared at a depth of 2 m and listed in Tables I and II. 
Fig. 3 and 4 show the hardness profile, and Fig. 5 and 6 the 
modulus of elasticity, for samples applied to glass and foil. 
Samples in the form of foils confirm the increasing hardness 
and modulus of elasticity with a higher content of the addi-
tive. With coatings applied to glass, however, this trend is not 
so clearly demonstrable. The measurement was probably af-

fected by the substrate and the irregular thickness of the ap-
plied layer. 

 
 

4. Conclusion 
 
The results of this experiment will contribute to the 

knowledge about materials of this type acquired through other 
methods4,5 thus contributing to the process of optimizing the 
formation  of  such coatings  for  applications  requiring in-
creased wear resistance. 
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Fig. 1. Nanoindentation curves for the sample without additive 

0
10
20
30
40
50
60
70
80
90

100

0 5000 10000 15000 20000 25000

Displacement Into Surface (nm)

L
oa

d
 O

n 
S

am
pl

e 
(m

N
)

Fig. 2. Nanoindentation curves for the sample with 25% additive  

Table I 
Modulus of elasticity and hardness of coatings applied to 
glass 

  Additive HIT [MPa] EIT [MPa] 

O-I-G-0 0%   SiO2 2.45 ± 0.27 274.1 ± 17.5 

O-I-G-5 5%   SiO2 2.49 ± 0.22 383.6 ± 14.7 

O-I-G-10 10% SiO2 1.22 ± 0.34 183.8 ± 55.2 

O-I-G-15 15% SiO2 1.82 ± 0.31 226.7 ± 58.6 

O-I-G-20 20% SiO2 1.54 ± 0.26 180.2 ± 46.0 

O-I-G-25 25% SiO2 3.90 ± 1.16 165.1 ± 20.0 

O-I-G-30 30% SiO2 4.45 ± 2.14 243.4 ± 105.5 

Table II 
Modulus of elasticity and hardness of foils 

  Additive HIT [MPa] EIT [MPa] 
O-I-F-0 0%  SiO2 2.70 ± 0.20 162.3 ± 10.1 
O-I-F-5 5%  SiO2 2.77 ± 0.20 231.2 ± 10.7 
O-I-F-10 10% SiO2 2.59 ± 0.18 233.3 ± 16.9 
O-I-F-15 15% SiO2 4.21 ± 0.66 265.7 ± 30.3 
O-I-F-20 20% SiO2 5.98 ± 0.78 269.3 ± 22.0 
O-I-F-25 25% SiO2 6.32 ± 2.20 300.2 ± 58.3 

0

0,005

0,01

0,015

0,02

0 2000 4000 6000 8000 10000

Displacement Into Surface (nm)

H
ar

dn
es

s 
(G

P
a)

O-I-0-G 
O-I-5-G 
O-I-10-G 
O-I-15-G
O-I-20-G
O-I-25-G
O-I-30-G

Fig. 3. Dependences of hardness on the indentation depth for 
samples applied to glass 
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An instrumented hardness test is a suitable method for 
recognizing the effect of additives on the resulting properties 
of composite organic-inorganic coatings. 
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Fig. 4. Dependences of hardness on the indentation depth for 
samples foils 

Fig. 5. Dependences of modulus of elasticity on the indentation 
depth for samples applied to glass 
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Fig. 6. Dependences of modulus of elasticity on the indentation 
depth for samples foils 
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The Influence of Additives on Mechanical Properties of 
Organic-Inorganic Coatings  

 
This  paper focuses on the study of hybrid organic-

inorganic nanocomposite materials in the form of coatings 
applied to a substrate, namely to glass, and separate layers  
films. Nanoindentation measuring was used to assess the de-
pendence  of  mechanical  properties  (nanohardness  and 
modulus of elasticity) on the amount of additive. Further, 
these properties are compared for the layer-substrate systems 
and the layers themselves. Samples in the form of foils con-
firm the increasing hardness and modulus of elasticity with 
a higher content of the additive. The results of this work 
should contribute to optimizing the formation of such layers 
with respect to applications requiring higher wear resistance.  

 
 

 
 
 


