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INTRODUCTION 
 

_________________________________________________________________________________________ 

 

 

 

1.1 Nanocomposite hybrid materials 
 

1.1.1 Historical transition 
 

The idea of combining some properties of inorganic and organic substances in a unique 
material is very old. The efforts to bring this idea into live started together with the emerging 
of the industrial era. Ancient paints, which are inorganic pigments suspended in organic 
media, are, perhaps, one of the oldest and most famous examples for a successful 
implementation of this idea [1]. While the concept of “composite hybrid materials” was not 
mentioned at that time, the work on combining the organic and inorganic compounds 
continued. 
 

Recently, with the development of the polymer industry, the numerous inorganic fillers 
(minerals, clays, talcs, metals, glasses, graphite, etc.) have been used as additives to improve 
some performance properties of neat polymers. Till the 1970’s the mixing of two dissimilar 
phases was performed mainly on a micrometer scale and only three decades ago 
technological advances allowed decreasing the size of various filler materials down to a 
nanometer scale. Once this happened the term “nanocomposite” was introduced [2]. 
 

These days, a number of terminologies are used in the literature to describe a material that 
consists of two or more distinctively dissimilar phases, among which at least one phase is of 
a nanometer size. The terminology varies from “nanocomposite hybrid materials”, “hybrid 
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nanocomposites”, “nanohybrids” and “nanostructural composites” to “(hybrid) polymer – 
(inorganic) nanocomposites” and “hybrid organic – inorganic materials” [3]. Nowadays, 
nanocomposite hybrid materials have become a rapidly expanding area of research, which 
encompass an infinite variety of systems with potentially novel material properties. 
 

The study of nanocomposite hybrid materials requires a multidisciplinary approach [1], 
which involves novel physical and chemical techniques for their synthesis and analysis. 
Although these materials have been investigated very actively for a number of years already, 
until now no profound understanding of physicochemical phenomena that are responsible 
for the ultimate properties of these materials, has been obtained. These properties seem to 
depend not only on the properties of each individual phase but also on interfacial 
interactions between the phases. 
 

1.1.2 Advantages and drawbacks 
 

Obviously, nanocomposite hybrid materials have become increasingly important due to their 
extraordinary properties, which arise from the synergism between the properties of the 
parent compounds and their interfacial characteristics [1, 3]. These properties appear to be 
quite different from those of the conventional microcomposites mainly due to nanometer 
size of the mixed phases that dramatically increases the surface area available for interaction 
between the phases. 
 

Recently manufactured nanocomposite hybrid materials are claimed to have enhanced 
mechanical properties such as stiffness, elongation at break, tensile and impact strength, etc. 
[1, 3, 4], improved thermal stability and flame retardancy [5]. They provide optimum heat 
transfer and reduced permeability [1, 3]. These materials also have gained much interest 
because of their electrical [6-8] and magnetic properties [9], which might be altered 
significantly with the presence of an electrically (semi-)conductive or magnetically active 
phase. 
 

Due to extremely small length scale over which two dissimilar phases are mixed, 
nanocomposite hybrid materials possess, in general, good rheological and optical properties. 
They can be readily processed [10], which is a big advantage in comparison with their 
microscale counterparts. Optical transparency and clarity of nanocomposite hybrid materials 
appear to satisfy many optical demands from industry, once the requirement to have a well 
dispersed embedded phase with a dimension size less than 50 nm is fulfilled [11]. In 
perspective, through varying the size and chemical composition of embedded compounds 
the refractive index of a nanocomposite can be tuned. 
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Although polymer–nanocomposites have a number of apparent advantages, they also have 
some drawbacks. One of them is rather restricted knowledge available in the literature on 
the issue. The most obvious disadvantage of these materials, however, is their preparation, 
since a successful synthesize of a homogeneous nanocomposite is a complex and time-
consuming process. 
 

1.1.3 Preparation 
 

Numerous approaches have been suggested to synthesize nanocomposite hybrid materials 
[12]. However, many of them, such as evaporation of elemental metal with its deposition on 
polymeric matrices, thermal decomposition of precursors in the presents of polymers, etc., 
cannot ensure a homogeneous distribution of the mixed ingredients [13]. In this respect the 
most favourable preparation paths, perhaps, are those that involve incorporation of an 
inorganic compound into an organic matrix [3]. The following three preparation routes are 
mostly used nowadays. The first is the in situ formation of interpenetrating networks using 
the so-called sol-gel process. In this process a solid phase is formed through gelation of a 
colloidal suspension [12, 14-16]. The second is intercalation of polymers and inorganic 
clusters into two and three dimension layered structures [12, 17], and the third is 
incorporation of nano-sized inorganic filler, which might have various geometrical forms: 
particles, fibers, tubes, etc. [18, 19], in a polymeric matrix [12, 20]. A schematic representation 
of arbitrary nanocomposite hybrid materials obtained through these three routes is given in 
Fig. 1.1. 
 

(a) (b) (c)

 
 

Fig. 1.1. Schematic representation of nanocomposite hybrid materials prepared through the sol-gel 
process (a), intercalation of a polymer matrix and an inorganic cluster (b), incorporation of spherical 
inorganic particles into a polymeric matrix (c). 
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1.1.4 Applications 
 

The possible applications of nanocomposite hybrid materials are manifold and the future of 
these materials appears bright (Fig. 1.2). Especially, the enormous possibilities of various 
combinations between inorganic and organic species allow these materials to have in many 
ways unique properties, which cannot be obtained in conventional composites [12, 21]. 
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Fig. 1.2. Examples of potential applications of nanocomposite hybrid materials. 

 
Nanocomposite hybrid materials have exceptionally good prospects as mechanically 
reinforced lightweight bulk components and coatings for civil, packaging, automotive and 
airspace industries [22, 23]. They are of significant interest as scratch and abrasion resistant 
coatings on plastic carriers [22], and as corrosion-inhibiting layers on metal surfaces [1]. 
Polymer–nanocomposites have already become a new class of flame retardant materials [24]. 
They also might be used for some rather exotic applications, e.g. as shape memory materials 
[25]. Probably, polymer–nanocomposites will have some medical, in particular dental [26], 
applications too. 
 

Due to their electrical and optical performance, nanocomposite hybrid materials are going to 
be used in electronics, optoelectronics, linear and non-liner optics as light emitting diodes, 
photodiodes, photovoltaic solar cells, optical switches, display devices, transparent 
electrodes, etc. [7, 11, 12]. They can be used as gas sensors too [27]. 
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1.2 Scope and objectives of the thesis 
 

While the incorporation of micrometer sized inorganic fillers into polymeric media is 
scientifically well explored, the decrease of the filler size down to the nanometer scale and, 
hence the significant increase in the interfacial area available for interactions between the 
mixed phases, results in new materials properties that require further investigation [12]. 
 

As was said already, the spectrum of potential applications of nanocomposite hybrid 
materials is enormous. This is due to the fact that the number of the properties that can be 
varied and analyzed in nanocomposite hybrid materials is substantial. In order to 
manipulate or foresee materials properties, the good understanding of the physicochemical 
phenomena determining them is essential. To obtain a valuable insight into these 
phenomena as well as into their reciprocal interactions, a subjected nanocomposite hybrid 
material has to be well defined. Therefore, a proper choice among the unlimited number of 
possible nanocomposite hybrid systems has to be made in order to pursue successfully the 
aims of a particular research. 
 

For the research described in this thesis, such nanocomposite hybrid coatings were chosen 
that ultimately could have good optical transparency and be well adhered to plastic 
substrates. Moreover, it was also preferred for these coatings to enhance mechanical and/or 
electrical properties of their carriers. Polycarbonate was chosen as a plastic substrate in this 
work, since this electrically insulating material by itself has rather poor scratch and abrasion 
resistance, but possesses superb toughness and optical transparency. Nanocomposite hybrid 
coatings, analysed in the frame of this thesis, consist of embedded inorganic silica or 
antimony-doped tin oxide (ATO) or organic phthalocyanine nanoparticles and crosslinkable 
(meth)acrylate or epoxy polymeric matrices. 
 

The overall goal of this thesis was to gain a better insight into physicochemical phenomena 
that predominantly define the mechanical and electrical properties of nanocomposite hybrid 
coatings, in general, and convey scientifically valuable knowledge regarding properties of 
such materials on the basis of the particular polymer–nanocomposite systems chosen. Due to 
limited amount of successful combinations found between (meth)acrylate or epoxy matrices 
and the (in)organic nanoparticles that resulted in reliable coatings with a good adhesion to 
polycarbonate substrate, more concrete objectives were set in the course of the research, 
which are indicated in some details below. 
 

For better understanding of the essence of this thesis and for the sake of completeness, load 
and depth sensing indentation (DSI) is described in Chapter 2. This analytical technique was 
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chosen as a nondestructive tool to evaluate Young’s modulus and hardness of the analyzed 
materials and, thus, has been intensively used throughout this work. The evolution of 
indentation from the very beginning of the last century to these days is reported briefly in 
this chapter. The theoretical ground of DSI and its application to a coating–substrate system 
are described. Advantages and drawbacks of DSI are included. 
 

Since all nanocomposite hybrid coatings investigated in this thesis were deposited on 
polycarbonate substrates, monitoring of the mechanical properties of polycarbonate was one 
of the objectives of our investigation. In particular, significant attention has been paid to the 
changes occurring in the mechanical properties of polycarbonate because of physical ageing. 
The results of this part of the research, which lasted for longer than two years, are 
represented in Chapter 3. Physical ageing was analyzed at room and elevated temperatures. 
 

The mechanical properties of nanocomposite hybrid coatings consisting of silica 
nanoparticles and crosslinkable (meth)acrylate matrices are presented in Chapter 4. The aim 
of this investigation was to understand how concentration of nanoparticles and crosslink 
density influence the mechanical properties of the silica–(meth)acrylate nanocomposite 
hybrid coatings. 
 

A wish to understand how degree of surface modification of nanoparticles may influence the 
mechanical properties of nanocomposite hybrid coatings determined the next objective of the 
research. In Chapter 5 the mechanical properties of ATO–acrylate nanocomposite hybrid 
coatings deposited on polycarbonate are discussed with respect to the degree of surface 
modification and volume fraction of nanoparticles. 
 

The mechanical properties of novel glassy and rubbery phthalocyanine–epoxy 
nanocomposite hybrid coatings deposited on polycarbonate are reported in Chapter 6. The 
goal of this piece of the research was to broaden knowledge about the influence of crosslink 
density of a polymeric matrix and filler fraction on the mechanical properties of polymer–
nanocomposite coatings. 
 

Adhesion failure between a coating and a substrate under experimental conditions can 
certainly indicate some restrictions in performance of polymer–nanocomposite coatings. 
Therefore, an appropriate analysis on this matter was also listed in the objectives of our 
research. Subsurface cracking, which occurred during depth sensing and Vickers indentation 
on transparent silica–(meth)acrylate nanocomposite hybrid coatings deposited on 
polycarbonate, was observed and is reported in Chapter 7. 
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In Chapter 8 the volume conductivity of ATO–acrylate nanocomposite hybrid coatings 
deposited on polycarbonate is analyzed with respect to filler fraction and degree of surface 
modification of ATO nanoparticles. This investigation was designed to gain a better insight 
into electrical properties of nanocomposite hybrid coatings from experimental and 
theoretical point of view. 
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2
 
 

LOAD AND DEPTH SENSING INDENTATION 
 

_________________________________________________________________________________________ 

 

 

 
2.1 Evolution of indentation 
 

By the end of the 19th century, metallurgists had achieved a significant degree of 
technological sophistication leading to successful manufacturing of large numbers of bulk 
materials, such as metals and alloys. In order to make a good choice for a particular 
engineering application, differences between mechanical performances of the available 
products had to be known, but yet did not exist. A Swedish metallurgist Brinell, who worked 
intensively with iron and steel, met this challenge and developed a hardness test. The test, 
which he presented to the public in 1900 [1], allowed measuring the relative hardness of 
metals and alloys, by forcing a 10 mm hard steel ball (Fig. 2.1) into a specimen with 3000 kg 
load for 30 seconds and thereafter measuring the surface area of the resulting indentation. 
Through years this method had been modified but kept the inventor’s name, and these days 
it is well known as the Brinell hardness test. 
 

In 1919, Rockwell made the next step in the evolution of indentation. He developed a new 
hardness test, in which an indenter penetrates into a specimen under two constant loads, an 
initial pre-load and an additional test load. The difference in penetration depth between the 
two loads provides the measure of the hardness. There are several Rockwell scales for 
different ranges of hardness [2], the most common of which are the B scale, for a steel ball 
indenter, and the C scale, for a cone-shaped diamond one. Unfortunately, none of these 
scales could cover the full hardness range of the materials and be proportional to the Brinell 
hardness numbers. 
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In 1925, Smith and Sandland developed a new indentation test, so-called Vickers test, for 
metals that were too hard to estimate by the Brinell test. They designed a new indenter that 
is a square-based diamond pyramid (Fig. 2.1) with a face angle of 136°. They chose a 
geometry that would produce hardness numbers nearly identical to Brinell numbers and a 
material of the indenter that would allow placing the hardness of all materials on one 
continuous scale. These were very wise decisions, because they made the Vickers hardness 
test very easy to adopt. The Vickers test provided also the possibility to perform an 
indentation test on a much smaller scale than it was done before. As in the Brinell test, the 
Vickers hardness number is calculated based on the surface area of the indentation rather 
than on the projected area, assuming that there is no elastic recovery after load removal. 
However, in reality, elastic recovery takes place and in many instances its influence is 
significant [2]. 
 

a  b c d
 

 
Fig. 2.1. Schematic view of Brinell (a), Vickers (b), Knoop (c) and Berkovich (d) indentations. 
 

To overcome this problem, in 1939, Knoop and his co-workers developed a low-load 
indentation test with a rhombohedral-shaped diamond indenter (Fig. 2.1) as an alternative to 
the Vickers test. The long diagonal of this indenter is 7.114 times as long as the short one. It 
was believed that with such indenter geometry, elastic recovery could be held to a minimum. 
Some investigators even claimed no elastic recovery during the Knoop indentions, but this 
cannot be true, because estimations of the ratio of long-to-short diagonal often revealed 
results considerably different from the ideal value of 7.114 [2]. A few years later, Tabor and 
his associates showed for various indenter geometries that when the load is removed, the 
material relaxes elastically [3]. 
 

In the middle of the 20th century, the indentation techniques gained greater recognition and 
popularity among materials scientists, who discovered that these techniques could assist 
them in evaluation of the deformation properties of various solids [4]. The indentation was 
very appealing because of its simplicity. There was no necessity to fabricate a special 
specimen, as e.g. required for tensile tests, and work could be carried out on very small and 
thin specimens. This whole field became known as microhardness testing [5, 6]. It was 
recognized that by using pyramidal indenters the indentation could be performed 
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successfully even with extremely small loads. With higher loads, however, crack formation 
and propagation could be studied. Thus, microhardness provided a convenient tool to study 
the brittle properties of solids as well [7]. 
 

In the 1970’s, it was recognized that if elastic response dominates in a particular stage of the 
indentation process, not only the hardness of a material but also its elastic modulus could be 
evaluated from a single indentation test [8]. In order to detect the elastic response, the 
monitoring of the loads that are applied on an indenter, and indenter displacements, while 
driving the indenter into and withdrawing from a specimen, was needed. The monitoring of 
the indentation process also allowed estimating the contact area, established between the 
indenter and the specimen, and overcoming the necessity to measure a residual area of an 
imprint optically. The latter was considered as a major advantage, since accurate estimation 
of the indentation imprints, which were obtained with extremely small loads, by means of 
optical microscopy became problematic. A new wave of research activities in this area, in the 
1980’s, generated a number of different testing methods. These days, the most widely used 
and generally recognized method is that proposed by Oliver and Pharr [9]. This method 
expands on ideas developed by Loubet et al. [10] and Doerner and Nix [11] and is commonly 
called as nanoindentation or load and depth sensing indentation (DSI). 
 

2.2 Evaluation of elastic modulus and hardness  
 

In the Oliver and Pharr method the indentation load P and displacement h are continuously 
recorded during a complete indentation process, which consists of loading and unloading 
[9]. A typical load–unloading hysteresis depicted in a load–displacement plot is given in Fig. 
2.2. This hysteresis consists of two curves, which can be used to calculate the hardness and 
elastic (Young’s) modulus. The key parameters are the maximum (or peak) load, Pmax, the 
indenter displacement at this load, hmax, and the initial unloading contact stiffness, S = 
dP/dh, which is the slope of the initial part of the unloading curve. 
 

The physical phenomena that take place during indentation are the following. During 
loading both elastic and/or plastic deformation occurs in a specimen resulting in the 
formation of a hardness impression with the shape of the indenter. This impression has a 
projected contact area A, which is associated with some contact displacement (or contact 
depth) hc. During unloading only the elastic portion of the displacement is recovered. This 
fact allows using elastic contact solutions to model the contact process during indentation. 
The data analysis proposed by Oliver and Pharr begins by fitting the unloading curve with 
the power-low relation 
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mhhBP )( res−= ,  (2.1) 
 

where B and m are empirically determined fitting parameters. The unloading stiffness can be 
determined by differentiating Eq. (2.1) at the maximum penetration depth hmax, which is 
 

1−−=== mhhmBhh
dh
dPS )()( resmaxmax . (2.2) 
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Fig. 2.2. Schematic representation of load P versus indenter displacement h. (a) Initial surface; (b) 
surface profile after load removal; (c) indenter; (d) surface profile under load [9]. 
 

The contact displacement can be found from the unloading curve as 
 

S
Phh max

maxc ∈−= , (2.3) 

 

where ∈ is a constant, which depends on the geometry of the indenter. Empirical studies 
have shown that ∈ equals 0.75 for a Berkovich indenter (see below). Once the contact 
displacement is known, the projected contact area established between the indenter and the 
specimen can be calculated for a Berkovich indenter with a perfect geometry as 
 

2524 c. hA = . (2.4) 
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For a real indenter, typically, a polynomial in hc is used to take into account the geometrical 
imperfection of the indenter, such as tip rounding [12], and to calculate the projected contact 
area. Once the projected contact area is determined, the effective (or reduced) elastic 
modulus Eeff can be calculated from 
 

A
SE

2
1 π
β

=eff , (2.5) 

 

where β is a constant, which depends on the geometry of the indenter and equals to 1.034 for 
the Berkovich one, as it was found by King using the finite element method [13]. Equation 
(2.5) finds its origin in elastic contact theory [14, 15] and, as was shown by Bulychev et al. [8], 
holds equally well for different indenter geometries. The effective elastic modulus, used 
because elastic deformation occurs in both the specimen and the indenter, is related to the 
specimen elastic modulus by 
 

i

i

eff EEE

22 111 νν −+−= , (2.6) 

 

where E and ν are Young’s modulus and Poisson’s ratio for the specimen, respectively, and 
Ei and νi are the same quantities for the indenter, which is typically made of diamond. For 
diamond the values for Ei andνi are 1141 GPa and 0.07, respectively [16]. 
  
Finally, the hardness H is defined from 

 

A
PH max= . (2.7) 

 

In the Oliver and Pharr method a diamond indenter typically with Berkovich geometry (Fig. 
2.1) is used. This indenter is a three-sided pyramid with the inclination angle of 65.3° 
between the faces and the loading axis [17]. In general, sharp indenters, geometrically similar 
to the Berkovich triangular pyramid, are useful in order to probe properties of a material at 
the smallest possible scale. The Berkovich tip is often favored over the Vickers one, because 
the apex of the three-sided pyramid can be more readily fashioned to meet at a point than it 
can be done for the four-sided pyramid. 
 

2.3 Advantages, drawbacks and further progress in DSI 
 

As might be apparent by now, the load and depth sensing indentation technique has a 
number of advantages as compared to some conventional techniques. First, it is based on a 
straightforward method, which can be easily understood and implemented. Second, in most 
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of the cases, DSI causes no significant damage and, thus, can be considered as a 
nondestructive analytical tool. Third, it allows evaluating a number of mechanical properties 
without the necessity to prepare a sample with a particular geometry. The DSI experiments 
can be carried out successfully on a coating and on a specimen with an extremely small size 
(a few µm2). Fourth, there is no need to evaluate the size of the remaining imprint by means 
of optical microscopy, since the projected contact area can be determined directly from the 
load–displacement curves. 
 

Though load and depth sensing indentation has many advantages, it has also some 
drawbacks. The most known, perhaps, is the difficulty to account for pile-up and sink-in, 
which might occur during the indentation process. These phenomena inevitably lead to 
some overestimate or underestimate of the projected contact area and consequently to errors 
in the absolute elastic modulus and hardness values [12, 18]. Efforts on a proper 
incorporation of pile-up and sink-in into the model take place at the present. Furthermore, in 
the meantime a number of materials scientists started to work on alternative methods to the 
one of Oliver and Pharr. In principle, these methods are also capable to process the 
experimental results and yield the mechanical properties of a material from the unloading 
[19] and loading [20-22] curves. However, development and confirmation of these models is 
still on the way and, therefore, they are not used in this thesis. 
 

From the time of Brinell till the 1990’s the various indentation techniques were mainly 
developed to evaluate the mechanical properties of inorganic substances. Gradually through 
this period of time, and in particular since the Oliver and Pharr model was proposed, 
indentation begun to find its application in the field of polymeric materials too. Although by 
the 1990’s no appropriate model was proposed to account for the viscous behaviour of 
polymers during indentation process, a number of fairly successful indentation experiments 
were performed, which resulted in the values similar to those known from conventional 
techniques. Very recently, a few models were proposed, which are claimed to describe the 
indentation behaviour of time–dependent materials appropriately [23-26], but still presently 
the efforts to improve these models continue. In the course of this research, indentation 
experiments with different indentation rates, different number of indentation repeats and a 
few indentation creep measurements were performed, and, where appropriate, the influence 
of viscous behaviour on the elastic modulus and hardness of the analysed materials is 
discussed. 
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2.4 Indentation on a coating–substrate system 
 

In the case of indentation on a coating–substrate system, the obtained E and H represent 
their apparent values, which combine the mechanical properties of both the coating and the 
underlying substrate, if a broad range of loads is used. The obtained values can be typically 
represented as a couple of Eapp and Happ curves, as schematically shown in Fig. 2.3. The 
gradual changes in the apparent elastic modulus Eapp and the apparent hardness Happ 
correspond to the elastic modulus Ef and hardness Hf of the coating (film) for very shallow 
displacements, and to the elastic modulus Es and hardness Hs of the substrate for very deep 
displacements. Typical behaviors of Eapp and Happ for two common situations (Ef > Es and Hf 
> Hs) and (Ef < Es and Hf < Hs) are given in Fig. 2.3 [27, 28], where hf is the coating (film) 
thickness. 
 

 

Ef, Hf

E, H 
Eapp 

Es, Hs 

Es, Hs 

hc/hf

Happ 

Eapp 

Happ 

 
Fig. 2.3. Schematic representation of the apparent elastic modulus Eapp and hardness Happ versus 
relative indenter displacement hc/hf [27]. 
 

It is suggested in the literature that if the apparent hardness values (or by analogy the 
apparent elastic modulus values) are obtained from indentations for which the penetration 
depth of the indenter was less than 1/10 of the coating thickness, the influence of the 
substrate on the indentation process can be neglected. It will be shown in this work that this 
approximation, which was originally proposed by Bückle [29, 30], is not universal and cannot 
be applied for all coating–substrate systems. 
 

For the sake of simplicity, the terminology of the apparent elastic modulus or the apparent 
hardness will not be used in this thesis. Instead, where appropriate, the influence of the 
substrate on the indentation made on a coating–substrate system will be described explicitly. 
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2.5 The apparatus 
 

Load and depth sensing indentations carried out in the course of this research were 
performed at room temperature and ambient atmosphere using an apparatus designed and 
constructed in the Central Workshop of the TU/e. A schematic illustration of this apparatus 
is given in Fig. 2.4. The device is equipped with a Berkovich diamond indenter and permits 
up to 25 indentations to be made in one run at loads ranging from 1 to 1000 mN, with a 
range of possible rates from 0.4 to 20 nm/s. The apparatus allows experiments under 
displacement control to be performed only and has the maximum displacement of 30 µm. 
 
 

Power
amplifier
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PID feedback
controller

PID feedback
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ADC DACComputer

Set-point device

Set-point controller
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Fig. 2.4. Principle scheme of the load and depth sensing indentation apparatus. 
 

The calibration procedure suggested by Oliver and Pharr [9] was implemented to correct for 
the load frame compliance of the apparatus and the imperfect shape of the indenter tip. The 
area function of this indenter was calibrated using B270 glass (Schott, Jena, Germany), of 
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which the elastic modulus was determined independently as 75 ± 1 GPa using the pulse-echo 
method. The compliance of this system as determined from the unloading curve was 0.3 
nm/mN, and the projected contact area of the indenter was related to the contact depth of 
the indentation by A = ahc2 + bhc (a = 24.5 and b = 5.71 µm), being equivalent to a tip radius of 
approximately 0.9 µm. The calibration was performed using B270 glass for a depth range of 
0.1 – 2.9 µm, where the maximum indentation depth was restricted by the load limitation 
[31]. 
 

To make an indentation using this device, a holder clamped in the apparatus with a 
specimen located upon it has to be adjusted manually to the vicinity of the indenter. To 
comply with the possibility of the surface search, it is required to make this adjustment in 
such a way that the surface of the specimen is situated less than 300 µm from the indenter 
tip. After that, the surface of the specimen is found in an automatic mode, and the loading 
process starts. After receiving a signal from a set-point controller, a lower power amplifier 
supplies voltage to a lower coil via a lower proportional-integral-derivative (PID) feedback 
controller (Fig. 2.4). This causes an upward movement of the specimen together with the 
indenter having the smallest step of 0.5 nm. This movement induces a response in a 
command sensor of the indenter, indicating that the indenter moved from the position fixed 
by a set-point device. The signal coming from the command sensor causes an increased 
voltage in an upper coil supplied by an upper power amplifier via an upper PID feedback 
controller to compensate for the movement and to return the indenter at the originally fixed 
position. The above-mentioned process repeats until the voltage in the upper coil is 
proportional to a requested maximal indentation load Pmax corresponding to force F = IlB, 
where l is the length of a coil, I is the current in a coil and B is the magnetic field. Thereafter, 
either an unloading or holding process starts, which proceeds in a way similar to the loading 
process. The apparatus is equipped with three target–displacement sensors (note that only 
two of them are shown in Fig. 2.4) to measure the displacement occurring during the 
indentation and to ensure horizontal positioning of the holder. A computer collects the 
indentation information converted via an analog-to-digital converter (ADC) and allows 
interfering with the system via a digital-to-analog converter (DAC). The apparatus also 
provides the possibility to move the holder in horizontal directions in a well-controlled 
fashion. 
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PHYSICAL AGEING OF POLYCARBONATE: 

ELASTIC MODULUS, HARDNESS, CREEP, ENDOTHERMIC PEAK, 

MOLECULAR WEIGHT DISTRIBUTION AND INFRARED DATA ¤ 
 

_________________________________________________________________________________________ 

 

Synopsis 
 

For the first time, load and depth sensing indentation (DSI) was used in order to monitor 
physical ageing of bisphenol A polycarbonate for thirty months at room temperature and for 
one month at an elevated temperature, respectively. The DSI experiments were combined 
with differential scanning calorimetry, gel permeation chromatography and infrared 
spectroscopy. The endothermic peak of polycarbonate shifted toward higher temperatures 
upon ageing at an elevated temperature, and did not change its location upon ageing at 
room temperature. The elastic modulus and hardness of polycarbonate increased in a 
stepwise fashion during ageing at room temperature. The molecular weight distribution 
broadened slightly, and the trans-trans conformational population increased during 
annealing. No simple correlation between changes in the mechanical properties and the shift 
of the endothermic peak during annealing was found. These changes seem to be caused by 
phenomena of different nature; namely, the changes in the mechanical properties appeared 
to have a reasonable correlation with free volume relaxation of the polymer, whereas the 
changes in the endothermic peak may be associated with internal energy changes. The 
similarities and differences between our results and the results of others are discussed. 
 
 
__________________________________________________________________________________________________ 

¤ The contents of this chapter have been published as a paper: 
V.A. Soloukhin, J.C.M. Brokken-Zijp, O.L.J. van Asselen and G. de With, Macromolecules (in press). 
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3.1 Introduction 
 

Presently, polycarbonate of bisphenol A (4,4’-isopropylidenediphenol) is an engineering 
material of major importance. Its good optical transparency and superb toughness have 
promoted it for a variety of industrial applications [1, 2]. Over time, however, properties of 
polycarbonate change, causing, for example, embrittlement, or in other words the 
polycarbonate ages. Though these changes are typically minor, they still can be undesirable 
for a plastic part intended for long-term use, particularly when failure of the part can be a 
result of these changes [3, 4]. It is generally believed that these changes are related to the 
structural modifications occurring upon ageing. As polycarbonate, or any other glassy 
polymer, is cooled below its glass transition temperature, molecular mobility decreases 
significantly, and the molecules are unable to reach an equilibrium packing density and 
conformational structure with respect to temperature [5]. The process of relaxation toward 
equilibrium is commonly referred to as physical ageing. It can occur at an elevated 
temperature, e.g., during an experimentally carried out annealing process [5, 6], as well as at 
room temperature [7]. 
 

The phenomena taking place in polycarbonate upon physical ageing have been observed by 
means of a large number of analytical techniques such as tensile and creep measurements [6, 
8, 9], dynamic mechanical thermal analysis (DMTA) [3, 10-13], differential scanning 
calorimetry (DSC) [6, 14-17], positron annihilation lifetime spectroscopy (PALS) [5, 9, 18], 
Doppler broadening spectroscopy (DBS) [18], dilatometry [3, 8, 15, 19], Fourier transform 
infrared spectroscopy (FTIR) [7, 12, 20-24], Raman difference spectroscopy (RDS) [20] and 
solid-state nuclear magnetic resonance spectroscopy (NMR) [3]. Although significant 
scientific knowledge has been gathered on the matter, the precise physical origin of physical 
ageing phenomena is not fully understood. One of the remaining questions is the reason for 
occurrence of the enthalpy and volume relaxation changes in different time frames with 
respect to ageing of polycarbonate at different temperatures. 
 

In the meantime, a new analytical technique capable of providing information for elastic, 
plastic and creep properties of materials emerged, known as nanoindentation [25]. Also 
referred to as load and depth sensing indentation (DSI), this technique has proven itself as a 
powerful tool to characterize the above-mentioned mechanical properties and has been 
broadly used for inorganic substances for over a decade. On the contrary, for polymeric 
substances this technique has been limitedly applied. It will be shown in this paper that DSI 
can be used to accurately estimate the elastic modulus, hardness and creep of polycarbonate 
and even to observe subtle changes occurring in these properties upon physical ageing. 
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In the present work we examine physical ageing of polycarbonate by means of DSI, DSC, gel 
permeation chromatography (GPC), attenuated total reflection infrared (ATR-IR) and FTIR 
transmission spectroscopes in combination. The information obtained is compared with 
literature data. The results indicate a possible cause for different findings after volumetric 
and enthalpy relaxation experiments. 
 

3.2 Experimental section 
 

3.2.1 Material and specimens  
 

Polycarbonate of bisphenol A used in this work was a commercially available optically 
transparent Lexan® 9030 sheet (G.E. Plastics, the Netherlands) with an average molecular 
weight of approximately 30.000 according to PS standards. The chemical structure of 
polycarbonate of bisphenol A is given in Fig. 3.1. The extruded polycarbonate, which is not 
UV protected and without Mar resistant surface treatment, has an elastic modulus (E) of 2.35 
GPa (ISO 527 for 1 mm/min) and a Vicat softening temperature of 145 °C (ISO 306), as 
quoted by the manufacturer. The polycarbonate was purchased as 100 cm2 and 0.2 cm thick 
rectangular plates. Three plates of the same batch were kept at ambient atmosphere (T = 22 ± 
3 °C and relative humidity of 75 ± 10 %) in the dark and used as source material for three sets 
of specimens. Set A was aged at room temperature, while sets B and C were aged at elevated 
temperatures (Table 3.1). Rectangular specimens of approximately 1 × 1 cm2 in size were 
sawn out of the plates at the chosen periods of time and then subjected to thermal treatment, 
ATR-IR, FTIR transmission, DSC and GPC analyses, and load and depth sensing indentation 
experiments. 
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Fig. 3.1. Chemical structure of polycarbonate of bisphenol A. 
 

For ageing experiments at room temperature, the specimens were tested by means of DSI 
after an ageing time (trt) of 0, 40, 160, 230, 255, 720, 900 and 950 days, respectively (specimens 
A1 – A5 and A7 – A9 in Table 3.1). Since the exact time of the extrusion of the plate was not 
known and, moreover, it is believed that the lifetime of the plate was less than one month, 
the first specimen tested (A1) is considered as the starting point (trt = 0 days) for the all 
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following specimens in the present work. Specimen A9 was subjected additionally for FTIR 
transmission and GPC experiments. 
 

Table 3.1. Specimens used for the physical ageing experiments: set A consists of specimens aged at 
room temperature for different periods of time trt at temperature Trt, set B consists of specimens 
rejuvenated at 160 ± 2 °C for 1 h and annealed for different periods of time tan at temperature Tan 
equal to 125 ± 5 °C, and set C consists of specimens annealed for 336 h at Tan equal to 80 ± 5 °C. 
Additionally, the analytical techniques used for each specimen are included. 

 

Specimens trt 
(days) 

Trt 
(°C) 

trej 
(h) 

Trej 
(°C) 

tan 
(h)

Tan 
(°C) Analytical techniques 

A1 0 22 ± 3 - - - - DSI 
A2 40 22 ± 3 - - - - DSI 
A3 160 22 ± 3 - - - - DSI 
A4 230 22 ± 3 - - - - DSI 
A5 255 22 ± 3 - - - - DSI 
A6 525 22 ± 3 - - - - DSC 
A7 720 22 ± 3 - - - - DSI 
A8 900 22 ± 3 - - - - DSI, DSC 

Se
t A

 

A9 950 22 ± 3 - - - - DSI, FTIR b, GPC 
B1 870 22 ± 3 1 160 ± 2 0 125 ± 5 DSI, DSC, ATR-IR, FTIR b, GPC 
B2 870 22 ± 3 1 160 ± 2 16 125 ± 5 DSI, DSC, ATR-IR, GPC 
B3 870 22 ± 3 1 160 ± 2 24 125 ± 5 DSI, DSC, ATR-IR, GPC 
B4 870 22 ± 3 1 160 ± 2 72 125 ± 5 DSI, DSC, ATR-IR, GPC 
B5 870 22 ± 3 1 160 ± 2 168 125 ± 5 DSI, DSC, ATR-IR, GPC 
B6 870 22 ± 3 1 160 ± 2 336 125 ± 5 DSI, DSC, ATR-IR, FTIR b, GPC 

Se
t B

 

B7 870 22 ± 3 1 160 ± 2 672 125 ± 5 DSI, DSC, ATR-IR, FTIR b, GPC 
C1 300 22 ± 3 - - 336 80 ± 5 DSI 

Se
t C

 

C2 935 a 22 ± 3 - - 336 80 ± 5 DSI 
 
a – specimen was aged at room temperature for 300 days at 22 ± 3 °C, annealed for 336 h at 80 ± 5 °C 

and then aged at Trt again for 635 days. 
b – FTIR stands for Fourier Transform Infrared transmission measurements. 
 

For sub-Tg isothermal annealing experiments, further mentioned shortly as annealing 
experiments, the specimens were machined out of the second plate aged for 870 days. The 
specimens placed separately from each other in a closed glass Petri dish (11 cm in diameter) 
were located in an air-circulated heating chamber with a temperature of 160 ± 2 °C for 
rejuvenation. The rejuvenation process lasted for one hour, and within a minute thereafter, 
the specimens were quenched by an air blow. Specimen B1 was withdrawn out of the 
heating chamber and air-cooled to room temperature, when a temperature of 125 °C was 
reached. The rest of set B (specimens B2 – B7 in Table 3.1) was kept in the heating chamber 
for the chosen periods of time (tan) for annealing at 125 ± 5 °C, which is approximately 20 °C 
below the nominal Tg. Once a specimen was taken out of the heating chamber, it was 
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subjected for ATR-IR, DSC and DSI analyses within 24 hours, and a month later three 
specimens  (B1, B6 and B7 in Table 3.1) were subjected to additional FTIR transmission 
measurements. Two months after the annealing experiments, every specimen of this set was 
subjected to a GPC analysis. To avoid any uncertainties of whether two months of post-
ageing altered the molecular weight distribution (MWD) of the specimens, an additional 
specimen was rejuvenated and immediately subjected for GPC analysis. The result for this 
specimen perfectly matched the MWD obtained for specimen B1 and showed thus that no 
changes in MWD in the specimens during two months of post-ageing. 
 

Furthermore, prior to DSI experiments on specimen C1, this specimen was aged at room 
temperature for 300 days and then annealed in an air-circulated heating chamber for 336 h at 
80 ± 5 °C (see Table 3.1). The DSI measurements on specimen C1 were performed within a 
week after annealing. Specimen C2 was aged at room temperature for another 635 days 
longer after the ageing steps similar to those of specimen C1. 
 
3.2.2 Load and depth sensing indentation  
 

Elastic modulus and hardness calculations. Load and depth sensing indentations were 
carried out at room temperature and ambient atmosphere using a home-built apparatus, a 
schematic illustration of which is shown in Fig. 2.4. As was proposed by Oliver and Pharr 
[25], elastic modulus E and hardness H can be determined from indentation data obtained 
during one complete cycle of loading and unloading (Section 2.2, Figs. 2.2, 3.2a and 3.2b). 
The unloading stiffness S, which is necessary for assessing the elastic modulus, was 
calculated after polynomial fitting of 90 % of the unloading curve (see Appendix A for more 
details regarding calculations). First, the effective elastic modulus Eeff was determined using 
Eq. 2.5. Then, the found value was used to calculate the elastic modulus E using Eq. 2.6. In 
the latter equation Ei = 1141 GPa and νi = 0.07 were used for diamond, respectively [26]. For 
polycarbonate ν = 0.4 was used [27]. It was assumed in the present research that the 
Poisson’s ratio of polycarbonate is constant independent of ageing temperature and time. 
The hardness of polycarbonate was defined in accordance with Eq. 2.7. 
 

Most of the elastic modulus and hardness data, presented in the present chapter, correspond 
to the second repeat (see the following section and Fig. 3.2c) of the indentation experiments. 
Indentation loads ranged from 4 to 1000 mN.  Lower loads were dismissed as providing 
unreliable data due to relatively high surface roughness of the polycarbonate (see Section 
3.2.3). 
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Fig. 3.2. Schematic representation of load P versus indenter displacement h: (a) for one loading–
unloading indentation circle, which is coupled with a schematic cross–section of this process (b); (c) 
for three times repeated indentation at the same position; (d) for a creep experiment. 
 
Phenomena such as pile-up and sink-in, which may lead to some overestimate or 
underestimate of the contact area, respectively, and consequently to errors for the elastic 
moduli and hardness [28, 29], were not taken into account. As an example we show evidence 
of a small pile-up in Fig. 3.3. 
 

Repetitive indentations with different loads. Repetitive indentations at the same position 
were done as follows. The indenter, once it reached a maximum load, is unloaded until 10 % 
of Pmax, then the next indentation is set at the same position up to the same Pmax with a 
maximum of 10 repeats. The indenter is totally unloaded after the last repeat. Then the 
holder with a specimen upon it is moved in a horizontal direction, and a new set of 
indentations, with another required load, is performed. The value of E and H was calculated 
for every unloading curve. A schematic representation of indentation, which consists of three 
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repeats, is given in Fig. 3.2c. The deliberate repetitive indentation measurements were 
performed on specimens A5 and C1 (Table 3.1). 
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Fig. 3.3. Confocal and optical data obtained for the indent after loading with 800 mN on specimen A8, 
namely, profile of the indent (a), 2-D confocal image of the indent (b), 3-D confocal image of the 
indent (c), and optical image of the indent (d). Profile (a) corresponds to the direction given in (b) as a 
dashed line. 
 

Rate–dependent indentations. Rate–dependent indentations were performed on specimen 
A7 (Table 3.1) with rates (r) ranging from 0.5 to 20 nm/s, with three repeats at the same 
position and Pmax equal to 10 mN. For the rest of the indentation experiments a rate of 10 
(specimens A1 – A5 and C1) or 15 nm/s (specimens A7 – A9, B1 – B7 and C2) was used. 
 

Indentation creep measurements. Indentation creep measurements were performed as 
follows. The indenter, once it reached the maximum load, was kept under Pmax for 10 min 
and then the indenter was totally unloaded. Indentation creep measurements were 
performed with different loads, namely, 10, 50, 100, 500 and 1000 mN. The shift in the 
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maximal penetration depth of the indenter (∆hmax), which occurred during the holding 
period, was used as a creep parameter. Only the annealed specimens forming set B (Table 
3.1) were used for these measurements. A schematic representation of a typical indentation 
creep experiment is given in Fig. 3.2d. For each particular load, the changes in the stresses 
occurred during the creep experiments were approximately constant for different annealing 
times. The estimated changes varied from 19.0 to 11.0 % for the loads ranging from 10 to 1000 
mN. 
 

3.2.3 Optical and confocal microscopy 
 

Optical microscopy was used for observation of the final indents, whereas confocal 
(NanoFocus® µSurf® confocal microscope) was used for profile measurements of the indents 
and roughness estimations. As an example, we show optical (Fig. 3.3d) as well as confocal 
(Figs. 3.3b and 3.3c) micrographs of 800 mN load indent after a load and depth sensing 
indentation on specimen A8. The profile of the indent is shown in Fig. 3.3a for the direction 
indicated with a dashed line in Fig. 3.3b. The surface roughness of this specimen, as well as 
that of the others, was estimated being equal to Ra = 0.45 ± 0.05 µm. 
 

3.2.4 Enthalpy relaxation experiments  
 

The enthalpy relaxation measurements were performed on the specimens (sets A and B in 
Table 3.1) using a Perkin-Elmer Pyris 1 differential scanning calorimeter. The calorimeter 
was calibrated using the fusion temperatures of gallium, indium, tin, lead and zinc. The 
baseline was checked regularly over the period of experiments. All experiments were done 
in dry nitrogen with a flow rate of 20 ml/min. 
 

Specimens A6 and A8, as representative for set A, were used for the enthalpy relaxation 
measurements. In the case of set B, all specimens were subjected to these experiments within 
24 hours once they were withdrawn from the heating chamber. Two to four samples were 
cut out of every specimen. The specimens were representative for the whole thickness of the 
polycarbonate plates. These samples were weighed on a microbalance and sealed in 
standard 40 µl aluminum pans. The weight of the samples ranged from 4.0 to 8.0 mg. 
 

For performing the DSC runs a heating rate of 10 K/min was chosen, which is generally used 
for physical ageing experiments [6, 14, 15]. Initially, each sample was kept for 5 min at 60 °C 
for stabilization. This isothermal step was followed by thermal scans: heating up to 170 °C 
and immediate cooling down to 60 °C at 10 K/min. Subsequently, this process was repeated 
twice. Data obtained during the first heating scan were used to estimate the exact positioning 
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of the endothermic peak, located in the Tg region, with respect to different ageing 
temperatures and times. The second heating (or reheating) scan was used as a reference. The 
satisfactory superimposition of the second scans indicated that each sample attains a 
reproducible state with erased thermal history, once it was heated above Tg to 170 °C. The 
temperatures reflecting the shift of the endothermic peak are given in the results section in 
terms of Tp,e (extrapolated onset temperature), Tp,½ (half-step temperature) and Tp,max  
(temperature at the maximum of the endothermic peak). The first two temperatures were 
assessed in a way similar to usual Tg estimations [30]. 
 
3.2.5 GPC analyses 
 

The GPC experiments were carried out using a Waters Model 510 pump, model 486 UV 
detector (at 254 nm), and model 410 refractive index detector (at 40 °C). Injections were done 
by a Waters Model WISP 712 autoinjector with an injection volume of 50 µl. As a column set, 
a series consisting of a PLgel guard (5 µm particles), a 50 × 7.5 mm guard column, and two 
PLgel mixed-D (5 µm particles) 300 × 7.5 mm columns (40 °C) was used. Tetrahydrofuran 
(Biosolve, stabilised with BHT) was used as eluent at a flow rate of 1.0 ml/min. Data 
acquisition and processing were performed using Waters Millennium 32 (v 4.0) software. 
Calibration of the equipment was done using PS standards with molecular weight from 580 
to 7.1 × 106. Calculation of molecular weight distribution (MWD) of the polycarbonate 
specimens was performed using universal calibration with the Mark-Houwink parameters a 
= 0.716, K = 0.000114 dl/g for polystyrene and a = 0.67, K = 0.00049 dl/g for polycarbonate. 
 

The solutions of the polycarbonate specimens were prepared as follows. Small samples of 5 – 
6 mg, which were representative of the whole thickness of the polycarbonate plates, were 
separated from the chosen specimens. These samples were dissolved in 0.3 ml of 
dichloromethane and then diluted in 2.8 – 3.0 ml of tetrahydrofuran. The solutions were 
filtered through a 13 mm × 0.2 µm PTFE filter with polypropylene housing (Alltech, 
Deerfield, USA) prior to GPC analysis. 
 

3.2.6 ATR-IR and FTIR transmission analyses 
 

Attenuated total reflection infrared (ATR-IR) spectroscopy was used for further 
morphological analysis. Infrared spectra were recorded using an ATR slide-on accessory on 
the objective of a Biorad UMA 500 microscope coupled to a Biorad FTS 6000 FTIR 
spectrometer. The IR spectra were recorded with a resolution of 4 cm–1 co-adding 50 scans. A 
slide-on ATR crystal of germanium was used, permitting investigation of about 1 µm thick 
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upper layers of the specimens. A typical area for collecting ATR-IR information was about 
100 × 100 µm2.  
 

Since polycarbonate has a number of very strong infrared absorption bands, very thin slices 
had to be made from the specimens to be able to investigate these bands in transmission. 
Therefore, 1 – 1.5 µm thick slices were cut from the chosen polycarbonate specimens 
(specimens A9, B1, B6 and B7 in Table 3.1) by means of a Leica RM2165 microtome, equipped 
with a glass knife. The infrared spectra were recorded using the Biorad FTS 6000 FTIR 
spectrometer. Initially, spectra from each slice were recorded with a Biorad UMA 500 
infrared microscope equipped with a mercury cadmium telluride (MCT) detector.  The 
measured area was of about 30 × 30 µm.  Spectra were recorded with a resolution of 2 cm–1 
co-adding 100 scans. In the latter stage of the investigation the spectra were recorded from 
an area of 2 × 4 mm. In this case a deuterated triglycine sulfate (DTGS) detector was 
employed. 
 

The IR spectra obtained for the source plates appeared to be identical to that known for 
amorphous polycarbonate of bisphenol A [22], confirming thus a sufficient purity of the 
purchased polycarbonate. Typical IR spectra of polycarbonate obtained by means of ATR-IR 
spectroscopy after the annealing experiments are given in Fig. 3.4. 
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Fig. 3.4. ATR-IR spectra obtained for the polycarbonate specimens depending on annealing time. 
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The FTIR transmission data collected from the slice made of specimen A9 was compared 
with the FTIR transmission data collected from the same slice after it was rejuvenated. The 
rejuvenation process for this slice was done in the same way as that used prior to the 
annealing experiments of set B. 
 

A number of infrared bands are sensitive to conformational changes in polycarbonate upon 
thermomechanical modifications [7, 20, 22]. Three bands described below were used to 
examine conformational changes in our specimens. The broad carbonyl band C=O has its 
maximum at approximately 1775 cm–1 and can be subdivided into contributions from trans-
trans and trans-cis conformers at about 1767 and 1785 cm–1, respectively. The skeletal 
vibration of the aromatic ring, the so-called C–C aromatic in-plane stretching, exhibits a 
doublet at approximately 1600 cm–1, which can be separated into trans-trans and trans-cis 
conformational contributions at 1594 and 1604 cm–1, respectively.  The C–O–C antisymmetric 
vibration is associated with a doublet having its maximum at approximately 1235 cm–1 and 
consists of trans-trans and trans-cis conformational contributions at 1252 and 1223 cm–1, 
respectively. Differently from the general assignment of the C–O–C antisymmetric vibration, 
Dybal et al. [24] indicated after their ab initio quantum mechanical calculations that the high-
frequency component should be assigned to trans-cis conformational structure. In our work 
we stick to the general assignment for the 1235 cm–1 IR region. 
 

Since IR spectra corresponding to specimens with identical (thermal) history exhibited some 
minor differences for different regions analyzed, a number of spectra were collected for each 
specimen and the mean spectra were calculated. These mean spectra were used for 
comparisons. Prior to comparison, these spectra were adjusted using the band at 
approximately 1504 cm–1 as an internal standard. This band corresponding to aromatic ring 
stretching was chosen since no conformation changes have been reported for it in the 
literature. 
 

Additionally, it should be indicated that the mechanical modification of the analyzed 
samples (1 – 1.5 µm thick slices) upon their preparation could possibly contribute to the 
conformational interchange. In our case, some minor differences between the mean spectra 
of specimens B1, B6 and B7 were found at approximately 1083 and 1015 cm–1. In the 
literature these bands are indicated as stress sensitive [7]. 
 

3.3. Results and discussion 
 

Over about a decade, material scientists have been investigating mechanical properties of a 
wide spectrum of materials by means of load and depth sensing indentation technique. 
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Largely, their research was focused on inorganic substances, whereas a rather restricted 
number of works have being devoted to polymeric materials. To our knowledge, until now 
no thorough DSI experiments have been performed examining the mechanical properties of 
polycarbonate of bisphenol A. Since some changes in mechanical properties of polycarbonate 
can be expected for different experimental conditions, such as indentation load, rate and a 
number of repeats, due to viscoelasticity of the polymer [31], a series of indentation 
experiments were carried out in order to monitor such changes in the elastic modulus and 
hardness of polycarbonate. In the first sections, the results of these experiments are given. 
Thereafter, our data for the physical ageing experiments on polycarbonate are presented and 
discussed. 

0 2 4 6 8 10 12 14 16 18
2.3

2.4

2.5

2.6

2.7

2.8

2.9

 

a

E 
(G

Pa
)

hc (µm)

       P (mN)
 4
 6
 8
 10
 20
 50
 100
 150
 200
 300
 400
 500
 600
 800
 1000

 

0 2 4 6 8 10 12 14 16 18
0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

 

b

       P (mN)
 4
 6
 8
 10
 20
 50
 100
 150
 200
 300
 400
 500
 600
 800
 1000

H
 (G

Pa
)

hc (µm)

 
Fig. 3.5. Elastic modulus (a) and hardness (b) versus contact depth of the indenter after ten repeats 
with every corresponding load on specimen C1. 
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3.3.1 Load and depth sensing indentation on polycarbonate 
 

Repetitive indentations with different loads. The results of the DSI experiments performed 
on specimen C1 in order to monitor changes in the elastic modulus and hardness of 
polycarbonate depending on repetition number of indentation are presented in Figs. 3.5 and 
3.6 for different loads. The values obtained after ten repeats for the elastic modulus and 
hardness versus the indentation contact depth and depending on indentation loads used are 
given in Figs. 3.5a and 3.5b, respectively. The same values for both mechanical properties 
versus the repeat number for five chosen loads are plotted in Figs. 3.6a and 3.6b for the 
measured elastic modulus and hardness values, respectively. As one can see, with an 
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Fig. 3.6. Elastic modulus (a) and hardness (b) versus repeat number after indentations on specimen 
C1 with five different loads. 
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increase in the indentation load, the elastic modulus and hardness decrease roughly by 10 
and 35 %, respectively. Creep, a phenomenon well known for polymers, can explain these 
decreases. Indeed, for performing an indentation with a higher load, a longer period of time 
is required. Thus, the longer indentation time provides a longer time for material to creep. 
The somewhat larger scatter in the E and H values in the case of the low loads (Fig. 3.5) can 
be explained by surface roughness and less experimental precision in applying these loads. 
Moreover, as was indicated by Boersma et al. [32], creep for freshly prepared polycarbonate is 
even more severe. 
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Fig. 3.7. Elastic modulus (a) and hardness (b) versus indentation rate corresponding to loading with 
10 mN on specimen A7. 
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For each indentation load, a gradual small decrease in the hardness of polycarbonate can be 
clearly observed while indentations are repeated, as one can see from Fig. 3.6b. This is 
obviously caused by an increasing indenter displacement upon repetitive indentation. The 
values of the elastic modulus mostly appear to be independent of repetition, with an 
exception for the highest loads, where a slight decrease is observed (Fig. 3.6a). 
 

Rate–dependent indentations. Rate dependent indentation measurements were performed 
on specimen A7. The elastic modulus and hardness values measured versus the indentation 
rates used are given in Figs. 3.7a and 3.7b, respectively. As one can see, the elastic modulus is 
obviously less sensitive to changes in indentation rate than the hardness. Since a sample 
standard deviation of 10.3 % for the elastic modulus values is comparable with the error of 
our DSI measurements, we conclude that within the experimental error the elastic modulus 
is independent of the indentation rate. For the hardness, on the other hand, an increase of 
almost 200 % can be observed. The hardness data show that a rather drastic increase occurs 
between an indentation rate of 0.5 and 5 nm/s and that the hardness increase is small for 
further increase in rate. 
 

Although for low indentation rates a clear rate dependence is observed, the dependence in 
the range 5 to 20 nm/s is limited. Therefore, for the indentation experiments on 
polycarbonate, a rate of 10 and 15 nm/s was used. 
 

3.3.2 Physical ageing at room temperature 
 

Elastic modulus and hardness. Load and depth sensing indentation experiments devoted to 
ageing of polycarbonate at room temperature and ambient atmosphere were carried out over 
a period of two and a half years. The elastic modulus and hardness versus the contact 
displacement, which corresponds to the indentation loads ranging from 4 to 1000 mN, are 
given in Figs. 3.8a and 3.8b, respectively.  
 

A division of the E and H values in Fig. 3.8 into two groups seems to be possible, with a 
major shift in the mechanical properties between the groups at approximately trt = 160 to 230 
days. The scatter for the lower indentation loads, roughly below 100 mN or for hc < 4 µm, 
appears to be somewhat larger than for the higher loads. This difference in scatter can be 
actually expected, since for the higher loads a requested load can be set with a higher 
precision than for the lower ones. Furthermore, in the case of the higher loads, the influence 
of the surface roughness can be neglected. 
 

To make the separation into two groups more obvious, the values of hardness (loads above 
90 mN) and the values of elastic modulus (independent of load) can be represented as E and 
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H vs. trt plots for a particular load. The data corresponding to the indentation load of 100 mN 
are shown in Figs. 3.9a and 3.9b for the elastic modulus and hardness, respectively. In the 
case of elastic modulus of polycarbonate, an increase by 450 MPa, roughly from 2.20 to 2.65 
GPa, can be observed (Fig. 3.9a). On the other hand, for the hardness of polycarbonate (Fig. 
3.9b), an increase equal to ~ 35 MPa can be observed. It is important to emphasize here that 
this stepwise change in the mechanical properties occurred over a relatively short period of 
time, that is 70 days, whereas before and after this change both mechanical properties 
appeared to be hardly dependent on time. 
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Fig. 3.8. Elastic modulus (a) and hardness (b) versus indentation contact depth corresponding to 
indentation with loads ranging from 4 to 1000 mN on the specimens with different ageing time trt. 
The legends marked with superscripts a and b correspond to specimens C1 and C2, respectively. 
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Fig. 3.9. Elastic modulus (a) and hardness (b) versus ageing time trt obtained after indentation with 
100 mN on the specimens forming set A. The stars in the plots marked by arrows with a and b 
correspond to specimens C1 and C2, respectively. 
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Additionally, the values for two specimens with a different thermal history, i.e. specimens 
C1 and C2, are incorporated in Fig. 3.9. As one can see, no obvious differences in the elastic 
modulus and hardness for these two specimens as compared to specimens A4, A5 and A7 – 
A9 can be observed. The overall picture suggests that, disregarding the ageing time, the 
hardness is more sensitive to creep than the elastic modulus (Fig. 3.8). 
 

Enthalpy relaxation analysis. No obvious changes in the magnitude and location of the 
endothermic peak in the glass transition step were observed during the DSC runs on 
specimens A6 and A8. The values obtained, i.e. Tp,e = 145.6 ± 1.3 and Tp,½ = 145.7 ± 1.2 °C, are 
in good agreement with the Vicat softening temperature of polycarbonate (145 °C), provided 
by the supplier, and in reasonable agreement with the Tp,e and Tp,½ values, which were 
measured for the rejuvenated polycarbonate (specimen B1 in Table 3.1). This observation is 
in line with a Tg stability of polycarbonate aged at room temperature indicated by Heymans 
[7]. No indication of crystallinity in the DSC scans for these specimens was found. 
 

FTIR transmission analysis. From set A, only specimen A9 was examined with FTIR 
transmission spectrometry. The IR spectra were obtained from the slice made of this 
specimen before and after rejuvenation. A comparison between the mean spectra of A9 and 
‘A9 rejuvenated’ showed that the two bands of the three bands examined exhibited no 
changes in the conformational populations. A small difference was observed for the carbonyl 
band located at approximately 1775 cm–1. This change, however, did not match an expected 
conformational trans-trans – trans-cis interchange pattern and was also not accompanied by 
similar changes in other IR regions. Hence, no clear evidence of conformational interchange 
during ageing at room temperature was observed. 
 

Discussion of ageing at room temperature. The experimental results highlighting the 
stepwise change in E and H of polycarbonate during ageing at room temperature (Figs. 3.8 
and 3.9) appear to be rather peculiar, but they are not totally unexpected. Earlier, Wimberger-
Friedl and de Bruin [33], using the gradient column technique, showed an unusually sudden 
densification of polycarbonate. A sharp transition in volume recovery of polycarbonate 
happened after approximately six months of ageing. Using dilatometry Robertson and Wilkes 
[15] reproduced this observation reporting a similar change in polycarbonate densification 
behaviour after approximately four months of ageing. A schematic representation of these 
two findings is given in Fig. 3.10. Unfortunately, no well-established theory has been 
presented so far able to elucidate this peculiar transition in the densification behaviour of 
polycarbonate. In our case, the observed stepwise increase in E and H occurred between 
approximately 5.3 to 7.6 months of ageing and appeared thus to be in good agreement with 
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work of Wimberger-Friedl and de Bruin. Upon further ageing, no well-pronounced increase in 
the mechanical properties, which might be expected from Fig. 3.10, was found, though. 
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Fig. 3.10. Schematic representations of volume recovery of polycarbonate at room temperature 
observed by Wimberger-Friedl and de Bruin [33] (dashed curve) and by Robertson and Wilkes [15] (solid 
curve). 
 

Furthermore, the E values before (~ 2.20 GPa) and after (~ 2.65 GPa) the stepwise change 
(Figs. 3.8a and 3.9a) appeared to be also in good agreement with DMTA results, which 
revealed changes in the storage modulus (E’) depending on molecular orientation of 
polycarbonate at room temperature. Specifically, Shelby et al. [3] showed that the storage 
modulus varied in a close to stepwise fashion once a minor molecular orientation in 
polycarbonate was established. The major shift from 2.10 to 2.60 – 2.85 GPa was observed 
when Herman’s orientation function altered from zero to just 0.033, whereas upon a further 
increase in orientation up to 0.170 only very minor changes in E’ occurred. Unfortunately, 
Shelby et al. [3] provided no information concerning conformational changes in the molecular 
structure of polycarbonate. 
 

3.3.3. Physical ageing at elevated temperature 
 

Elastic modulus and hardness. The experimental information for annealing of polycarbonate 
at 125 °C over a period of 672 hours was collected during the load and depth sensing 
indentation experiments with 10, 50, 100, 500 and 1000 mN on seven specimens (specimens 
B1 – B7). The results corresponding to these measurements are shown in Figs. 3.11a and 
3.11b for the elastic modulus and hardness versus the annealing time, respectively. An initial 
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comparison of the elastic modulus and hardness values for tan = 0 to those for trt = 0 (Table 
3.1) indicates that a one hour rejuvenation period at 160 °C appeared to be insufficient for a 
full reverse of the preliminary ageing at room temperature in terms of the mechanical 
properties investigated. Some changes occurring in the mechanical properties of 
polycarbonate during annealing could be observed, however. One can clearly see from Fig. 
3.11 that the elastic modulus and hardness increase with annealing time. Remarkably, the 
increase in the mechanical properties for ‘the upper layers’ of polycarbonate (probed with P 
= 10 mN) appeared to be larger and more abrupt than for ‘the deeper layers’  (see  the  dotted 
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Fig. 3.11. Elastic modulus (a) and hardness (b) versus annealing time obtained after indentation on 
the specimens forming set B with 10, 50, 100, 500 and 1000 mN. 
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guide curves in Figs. 3.11a and 3.11b). Furthermore, this trend repeats while moving layer by 
layer into the bulk up to ~ 17 µm in depth, which corresponds to the highest loads used, i.e. 
1000 mN. Note also that the most significant increase in the case of the low loads occurred 
during the first 24 hours. 
 

Creep data. The results of the creep load and depth sensing indentation measurements on 
the annealed set (set B in Table 3.1) are given in Figs. 3.12 and 3.13 for the shift in the 
maximum indentation depth versus the indentation load used and the annealing time, 
respectively. These results correspond to the indentation loads equal to those used for the 
elastic modulus and hardness evaluations, which were discussed above. One can see from 
Fig. 3.12 that with the increase in indentation load, the creep increases. How large the 
difference in creep due to annealing is appears to be obscure from Fig. 3.12 for the 
indentation loads of 10, 50 and 100 mN. For the higher loads (500 and 1000 mN), the 
possibility of a subdivision into two parts can be noticed. The representation of the creep 
data as shifts occurring in the maximum indentation depth versus the annealing time makes 
the changes in creep due to annealing more obvious (Fig. 3.13). Similarly to the E and H vs. 
tan data for the low loads (Fig. 3.11), a rather abrupt change for the creep values can be 
observed for the first 24 hours, which is then followed by the step independent of further 
annealing. The independence of creep for annealing longer than 24 hours appears to be 
somewhat different compared to the trends observed for E and H, where a gradual growth 
takes place for the same specimens. 
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Fig. 3.12. Shift in maximum indentation depth versus indentation load for the specimens with 
different annealing time. 
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Fig. 3.13. Shift in maximum indentation depth versus annealing time after indentation with five 
different loads. 
 

Enthalpy relaxation analysis. The experimental results obtained during the DSC 
measurements with specimens B1 – B7 in order to monitor changes in the endothermic peak 
located in the Tg region of polycarbonate while annealing confirmed the earlier published 
results [6, 14, 16]. Indeed, the endothermic peak shifts toward higher temperatures and 
increases in magnitude with an increase in annealing time. In Fig. 3.14 the measured Tp,e, Tp,½ 
and Tp,max for specimens B1 – B7 versus the annealing time are shown. No sign of 
crystallinity was found in the DSC scans for these specimens. 
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Fig. 3.14. Changes in the Tp,e, Tp,½ and Tp,max temperatures of polycarbonate upon annealing at 125 °C 
for one month. 
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GPC analysis. The gel permeation chromatographical experiments (Fig. 3.15) showed that 
molecular weight distribution of all polycarbonate samples analyzed was in good agreement 
with the average molecular weight claimed by the producer, which is approximately 30.000 
(4.48 on a log scale). 
 

The GPC experiments, which were performed on set B (Table 3.1), revealed a small gradual 
broadening of the MWD with an increase in the annealing time (Fig. 3.15). This gradual 
change can be observed the best at a molecular weight of about 30.000 (Fig. 3.15b). A 
revealed change in polydispersity index (PDI) of polycarbonate, confirming the minor 
broadening of the MWD of the polymer upon annealing, is given in Fig. 3.15c. 
 

ATR-IR and FTIR transmission analyses. The ATR-IR spectra obtained for the specimens 
forming set B (Table 3.1) are shown in Fig. 3.4 for different annealing times. As one can see 
from these spectra, no clearly noticeable changes upon annealing took place, indicating that 
the polycarbonate was to a large extent chemically stable. However, for observing any minor 
changes such as conformational ones, a more detailed analysis is needed. A thorough 
analysis of the ATR-IR difference spectra pointed to an increase in the trans-trans 
conformational population at 1775 and 1235 cm–1 IR regions in the annealed specimens 
(specimens B2 – B7 in Table 3.1) as compared to the nonannealed one (specimen B1). 
Unfortunately, no smooth increase in ratio between the trans-trans and trans-cis 
conformational populations upon increasing the annealing time was found. The fact that 
ATR-IR spectra are sensitive to the pressure with which the specimen is applied to the 
germanium crystal in the ATR accessory [7] can explain the absence of a proper correlation. 
 

A comparison between the mean FTIR transmission spectra revealed clear changes between 
the conformational populations at two IR regions. These are the same IR regions at which the 
conformational interchange in the ATR-IR spectra was observed. The comparison of the 
doublets corresponding to the carbonyl band at ~ 1775 cm–1 and the C–O–C antisymmetric 
vibration at ~ 1235 cm–1 revealed that the population of trans-trans conformers is higher for 
the specimens annealed at 125 °C for 672 and 336 h (specimens B7 and B6) than for the 
nonannealed one (specimen B1). The trend observed in the difference spectra (Fig. 3.16) is 
very similar to those reported in the literature for these conformational changes [21]. The 
maximum of the peak, which corresponds to the trans-trans conformational contribution at 
1785 cm–1 of the carbonyl band, perfectly matched the maximum observed by Heymans [7] 
for the same region. Note that the locations of the peaks in the difference spectrum, which 
correspond to trans-trans and trans-cis conformational contributions,  appeared with minor  
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Fig. 3.15. a: Molecular weight distribution for two specimens from set B, i.e. specimen B1, which was 
rejuvenated and not annealed, and specimen B7, which was annealed for 672 h at 125 °C after the 
rejuvenation. The incorporations are the three enlarged MWD fragments. b: Fragments of the MWD 
of the specimens forming set B. c: Change in polydispersity index (PDI) versus annealing time. 
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shifts as compared to the locations indicated originally in the literature (dotted lines in Fig. 

3.16) [22]. 
 

A comparison of the third IR region analyzed, corresponding to C–C aromatic in-plane 
stretching, appeared to be controversial, since no alteration in the trans-trans and trans-cis 
conformational populations was found (Fig. 3.16). This observation is similar to the findings 
by Lu et al. [21]. It is believed, therefore, that this band is the least sensitive to the 
conformational interchange among the three IR ranges analyzed. 
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Fig. 3.16. Fragments of the FTIR transmission spectra of the specimen annealed for 672 h at 125 °C 
(specimen B7) and the nonannealed one (specimen B1), and their difference spectrum, i.e. 10 × (B7 – 
B1) showing the evidence of the changes in the trans-trans and trans-cis conformational populations 
after annealing. The incorporations are the chemical structures of the trans-trans (t-t) and trans-cis (t-
c) conformers of diphenyl carbonate. 
 

Discussion of physical ageing at elevated temperature. A comparison of the changes 
observed for E, H and ∆hmax, and changes in the endothermic peak for similar annealing 
times showed that there is no linear correlation between the mechanical and the enthalpy 
changes found (cf. Figs. 3.11, 3.13 and 3.14). The changes in E and H appear to be small in 
magnitude and dependent on penetration depth of the indenter. In the case of the small 
displacements, the changes in E and H took place predominantly at the first 24 hours of 
annealing. For the endothermic peak however, in the same time frame, the changes were 
minor. Upon further annealing, a more significant increase in Tp,e, Tp,½ and Tp,max was 
observed. These observations are in a good agreement with experimental results earlier 
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reported by Hutchinson et al. [6], who used the same polycarbonate grade and annealing 
procedure. The results obtained by Hutchinson et al. after their enthalpy relaxation 
experiments will be compared with ours results in more detail below. 
 

Typically, changes observed in the mechanical properties upon annealing are attributed to 
densification of the material. However, a more focused look at the literature data concerning 
the decrease in free volume as a function of annealing time at constant temperatures 
discloses some contradictions. 
 

On one hand, using electron spin resonance spectroscopy and dilatometry, Bartos et al. [19] 
showed that polycarbonate densifies gradually with higher densification rates for higher 
annealing temperature. Furthermore, somewhat different results were presented by Davis 
and Pethrick [18]. After using positron annihilation lifetime spectroscopy (PALS) and 
Doppler broadening spectroscopy, they reported that the ortho-positronium (o-Ps) intensity, 
representing the free volume concentration, decreases upon annealing at different 
temperatures with a major decrease occurring over first 10 to 200 h of annealing time. They 
attributed these changes to structural relaxation of the polycarbonate. 
 

On the other hand, Hill et al. [5] and Higuchi et al. [9], who used PALS at annealing 
temperatures of 120 and 135 °C, respectively, concluded that the mean free volume cavity 
size and free volume concentration remained constant during annealing and that the changes 
in properties of polycarbonate were related to a decrease in the quasi-equilibrium free 
volume state of the material upon cooling [5] with an increase in stress relaxation time with 
decreasing cooling rate [9]. 
 

A comparison of the above-presented literature data with our investigation showed that the 
results presented for indentation loads of 10, 50 and 100 mN in Fig. 3.11 are in reasonable 
agreement with Davis and Pethrick’s work. The comparison between E after indentation with 
10 and 100 mN and the curve fitted to the o-Ps intensity vs. tan experimental results for 
annealing temperature of 80 °C [18] is shown in Fig. 3.17. The major increase in E occurred in 
a similar time frame as polycarbonate densified according to the o-Ps intensity data. 
Moreover, on the basis of the experimental results given in Fig. 3.11 one can assume that, in 
the case of indentation with loads above 1000 mN when ‘deeper layers’ of polycarbonate are 
examined, no change in E and H upon annealing might be expected. Such a mechanical 
behaviour of the bulk of polycarbonate would be in line with the PALS results, where no 
changes in free volume in polycarbonate upon annealing were revealed [5, 9].  
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Furthermore, knowing that PALS experimental data are dependent on the positron incident 
energy, which defines the mean implantation depth [34], it is conceivable that the results 
provided by Davis and Pethrick represent the mean free volume changes in the layers closer 
to the polycarbonate surface than those after Hill et al. [5] and Higuchi et al. [9]. Moreover, as 
was observed in the case of polystyrene [34], a free volume and hole distribution closer to the 
surface might be different from that in the bulk of a polymer. Thus, because of the 
inhomogeneous free volume distribution, physical ageing at elevated temperature as 
described by free volume changes, seems to occur with a gradient-like trend from the surface 
into the bulk. This may be the reason why some variations in elastic modulus and hardness 
values in relation to penetration depth were observed in the present research. 
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Fig. 3.17. Comparison of the elastic modulus data after indentation with 10 and 100 mN on the 
specimens annealed at 125 °C with the results provided by Davis and Pethrick [18] concerning changes 
in the o-Ps intensity upon annealing at 80 °C for similar annealing time. Note that the values for the 
elastic modulus at tan = 0 were shifted to tan = 1 for an easier representation of annealing time on a 
logarithmic scale. 
 

The experimental results highlighting the changes in creep behaviour of polycarbonate upon 
annealing (Figs. 3.12 and 3.13) appear to be in line with the results obtained for the elastic 
modulus and hardness. Similarly to E and H with loads ≤ 100 mN, a change in creep 
behaviour occurred over first hours of annealing (see Section 3.2.2 for details on creep 
experiments). 
 

As one can expect, changes in free volume during annealing can be caused by various 
phenomena, such as gas release, changes in local interchain packing density, alteration of the 
MWD, etc. The analytical data obtained by means of gel permeation chromatography 
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showed that some broadening of the MWD during annealing occurred. It is believed that 
small amounts of short linear and/or cyclic polycarbonate oligomers, which are always 
present in the material, react further during annealing, and this is the main reason why the 
broadening of the MWD of polycarbonate took place during annealing. 
 

Furthermore, ATR-IR and FTIR transmission spectroscopy showed that some trans-cis into 
trans-trans conformational interchange also occurred upon annealing (Fig. 3.16), confirming 
thus the earlier reported observations claiming that trans-trans conformers, which allow 
closer local packing of the polymer chains, are more energetically favourable than trans-cis 
conformers [7, 21, 22]. This observation therefore indicates that a local decrease in free 
volume of polycarbonate occurred in fact during annealing. 
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Fig. 3.18. Changes in the Tp,e, Tp,½ and Tp,max temperatures of polycarbonate upon annealing at 125 °C 
after our DSC experiments (dots) and after the alternating DSC experiments performed by Hutchinson 
et al. [6] (dotted lines corresponding to Tp,max). Note that the values for the temperatures at tan = 0 were 
shifted to tan = 1 for an easier representation of annealing time on a logarithmic scale. 
 

A number of authors reported already that the endothermic peak shifts toward higher 
temperatures and increases in magnitude upon annealing [6, 14, 16, 17]. For example, 
Orreindy and Rincon [14] observed an increase in Tg of 2.5 °C after annealing for 5 h at 130 °C. 
The shift of the endothermic peak observed during our DSC experiments on polycarbonate 
(Fig. 3.14) confirmed this observation. The increase in Tp,max found for our specimens 
matched particularly well with the work performed by Hutchinson et al. [6], who used the 
similar polycarbonate grade and annealing temperature of 125 °C. Our experimental results 
(dots) in combination with those after Hutchinson et al. (dotted lines) [6] are presented in Fig. 
3.18. 
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One may consider that the enthalpy changes occurring during annealing are typically 
attributed to densification of polymers, and the present research provided an indirect proof 
for alterations in free volume and confirmed the shift of the endothermic peak toward higher 
temperatures during the annealing of polycarbonate. However, it is still unclear whether 
these changes are linked and that volumetric changes play a main role in the enthalpy 
changes. Furthermore, there are no reports in the literature showing changes in DSC scans 
that would exceed the fault of DSC measurements, during ageing of polycarbonate at room 
temperature. Moreover, no changes in Tp,e and Tp,½ upon ageing at room temperature were 
observed in the present work, although a significant decrease in free volume after 
approximately of 4 – 6 months of ageing was found [15, 33]. Remembering that the definition 
of enthalpy at constant pressure is ∆Hp = ∆U + P∆V, where Hp stands for enthalpy at 
constant pressure, U for internal energy, P for pressure and V for volume, it appears that 
internal energy may also play a significant or dominant role in enthalpy changes. The partial 
conformational interchange between trans-cis and trans-trans conformers, which was 
observed in the present research as well as reported by other authors, appeared to be in line 
with this idea, since closer local packing of the polymer chains, which is allowed by trans-
trans conformers, is very likely to enhance van der Waals bonding and/or electrostatic 
interactions along the polymeric chains [35]. Furthermore, the broadening of the MWD is an 
oblique proof for changes in the internal energy of polycarbonate as well. It is unclear at this 
moment, however, whether the changes occurring in the internal energy due to closer local 
interchain packing and due to changes of the MWD are complementary or counteractive. 
 

Furthermore, Greer and Wilkes showed in their work [17] that the internal energy plays an 
undoubtedly important role in the physical ageing process. They found an apparent reversal 
of physical ageing through enthalpy relaxation analysis after exposing polycarbonate to 
electron beam irradiation. During this de-ageing at T < Tg there was no change in density 
observed. Furthermore, they found a strong correlation between scission of polycarbonate 
chains and the de-ageing process, indicating thus that the number of end groups plays a 
significant role in the internal energy state of glassy polymers. 
 

Thus, in the case of annealing of polycarbonate, a decrease in the internal energy may take 
place even without significant change in free volume. This increase might possibly be caused 
by a post-polymerization process through covalent bonding of the existing chains, and via 
enhancement in van der Waals bonding and/or electrostatic interactions along the polymeric 
chains at elevated temperatures. Another chemical modification, such as crosslinking, may 
also take place. The changes in the internal energy associated with the broadening of the 
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MWD, and enhancement in van der Waals bonding and/or electrostatic interactions can 
explain the evident enthalpy changes upon annealing and the absence of such in 
polycarbonate aged at room temperature. Note also that, if the idea of inhomogeneous free 
volume distribution in the polymer is excluded, then, on the other hand, closer local 
interchain packing needed for enhancement in van der Waals bonding and/or electrostatic 
interactions appears to be contradictory to volumetric steadiness observable upon annealing 
by some authors [5, 9, 17]. 
 

Final remarks on physical ageing at elevated temperature. From the above-presented 
discussion, it seems plausible that a number of competitive physicochemical phenomena 
take place in polycarbonate during annealing. First, trans-cis to trans-trans conformational 
transitions, which allow closer local interchain packing of the polymeric chains, enhance van 
der Waals bonding and/or electrostatic interactions along the polymeric chains. This, 
subsequently, decreases the internal energy of the polymer and causes changes in the 
enthalpy of polycarbonate. Second, possible post-polymerization, scission and/or 
crosslinking processes, happening at similar annealing conditions and time, cause minor 
broadening of the MWD of the polymer and subsequently alter the free volume distribution 
in the polymer as well as its internal energy. Third, other phenomena may cause volumetric 
changes too, for instance, gas release at elevated temperatures from the embedded cavities. 
Finally, it is believed that all these phenomena occur in the polymer having an 
inhomogeneous free volume distribution from the surface to the bulk, different molecular 
mobility and therefore presumably different predominance of the competitive events in 
various geometrical locations within the polymer. 
 

3.4 Conclusions 
 

The load and depth sensing indentation technique was successfully used in order to assess 
the changes occurring in elastic modulus, hardness and creep of polycarbonate of bisphenol 
A during ageing at room and elevated temperatures. In combination with DSC 
measurements, an obvious difference between ageing at different temperatures in terms of 
mechanical properties and a shift of the endothermic peak was observed. 
 

The stepwise increase in the elastic modulus and hardness of polycarbonate was observed 
after approximately the same ageing time as the peculiar transition in the densification 
behaviour of polycarbonate occurred (Figs. 3.9 and 3.10). Furthermore, this stepwise change 
appeared to be identical in magnitude to the change observed for the storage modulus at 
room temperature after a minor increase in orientation of polycarbonate chains [3]. This 



Physical ageing of polycarbonate 

 49

suggests that the observed stepwise increase in the elastic modulus is linked to the 
densification of polycarbonate due to changes in orientations of the polymeric chains.  
 

It is believed that free volume has an inhomogeneous, presumably gradient-like, distribution 
in polycarbonate, with a larger concentration and/or size of the cavities closer to the surface 
than in the bulk. As ramification of that, the densification of polycarbonate upon annealing 
occurs inhomogeneously, with a more significant decrease in free volume closer to the 
surface and a smaller or no decrease in the bulk. This is reflected in the changes in the elastic 
modulus and hardness values corresponding to different penetration depths. 
 

We found no linear correlation between the changes in the mechanical properties and the 
enthalpy changes occurring during annealing. This observation is in a good agreement with 
findings of Hutchinson et al. [6]. The changes in the mechanical properties and the enthalpy 
changes are believed to be mainly associated with different phenomena causing them. The 
changes in the elastic modulus, hardness and creep may be largely attributed to the 
volumetric changes occurring upon annealing, whereas the shift of the endothermic peak 
and its increase in magnitude may be explained by variations in the internal energy of 
polycarbonate, caused by some local (inter-)molecular changes. 
 

The IR and GPC analyses provided evidence of conformational interchange and alterations 
in molecular weight distribution during annealing, respectively. Both these phenomena lead 
to changes in free volume and internal energy of the polymer. The variations found, 
however, could not elucidate the reason why major changes in mechanical properties and in 
the location/magnitude of the endothermic peak occurred at different annealing times. 
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4
 
 

MECHANICAL PROPERTIES OF SILICA–(METH)ACRYLATE 

NANOCOMPOSITE HYBRID COATINGS ON POLYCARBONATE ¤ 
 

_________________________________________________________________________________________ 

 

 

 

 

Synopsis 
 

The mechanical properties of nanocomposite hybrid coatings consisting of crosslinked 
polymeric (meth)acrylate matrices and dispersed nano-sized silica inorganic particles were 
determined. The coatings were deposited on polycarbonate substrates. It is shown in this 
chapter that reliable elastic modulus and hardness data can be obtained from load and depth 
sensing indentation for a broad range of filler content when an indentation rate above 2 
nm/s is used. The influences of a variation in coating thickness, filler content and chemical 
composition on these properties were correlated with ATR and transmission FTIR, TGA, and 
TEM morphological analyses of the coatings. These analyses showed that filler content and 
chemical composition influence the mechanical properties of the silica–(meth)acrylate 
nanocomposite hybrid coatings in a complex way. 
 

 

 

 

 
__________________________________________________________________________________________________ 

¤ The contents of this chapter have been published as a paper: 
V.A. Soloukhin, W. Posthumus, J.C.M. Brokken-Zijp, J. Loos and G. de With, Polymer 43 (2002) 6169–
6181. 
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4.1 Introduction 
 

In the past decade scientists have paid attention to a new type of coatings: hybrid 
organic/inorganic coatings [1-13]. The morphology of these coatings on a mesoscopic scale 
consists of at least an inorganic and organic phase [1-8, 14-19]. These coatings combine the 
flexibility and easy processing of polymers with hardness of inorganic materials and have 
been successfully applied on glass [10, 12, 13], metal [4] and polymeric [7, 9, 11] substrates. In 
general these hybrid coatings are transparent, show a good adhesion, and enhance the 
scratch and abrasion resistant of a polymeric substrate. 
 

Generally, the mechanical properties of a coating are very important, whatever the 
application might be. Load and depth sensing indentation (DSI), also commonly referred to 
as nanoindentation, has shown itself as a powerful tool to characterize several mechanical 
properties of coatings [10, 13, 20-24] and has been broadly used for inorganic coatings for 
about ten years already [21, 22, 25-27]. On the contrary, for polymeric [11, 24, 28-30] (in 
particular hybrid [10, 13, 31]) coatings this technique is limitedly applied. It will be shown in 
this chapter that this technique can be used to accurately estimate the hardness and the 
elastic modulus of crosslinked coatings on a basis of load–displacement data. 
 

In this work load and depth sensing indentations with a Berkovich indenter were performed 
in order to evaluate the mechanical properties of nanocomposite hybrid coatings. The 
effective elastic modulus and hardness were determined on the basis of the load–
displacement data [22]. The reliability of the chosen analytical method was checked using 
different rates, and a number of repeats and loads. The influence of coating thickness, filler 
content and chemical composition on the mechanical properties of the nanocomposite hybrid 
coatings was also investigated. 
 

This technique was tested on crosslinked polymeric (meth)acrylate matrices with dispersed 
silane grafted nano-sized silica inorganic particles. These silica–(meth)acrylate 
nanocomposite hybrid coatings deposited on polycarbonate substrates appeared to be 
transparent and have a good adhesion. Polycarbonate was chosen as carrier, since this 
industrially important plastic, possessing superb toughness and good optical transparency, 
has by itself rather poor scratch and abrasion resistance. 
 

Morphological analyses of the coatings were performed by means of ATR and transmission 
FTIR spectroscopy, TGA and TEM to obtain better understanding of the factors influencing 
the mechanical properties of these coatings. 
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4.2 Experimental section 
 

4.2.1 Coating preparation 
 

The modified/grafted nano-sized silica particles (5 – 15 nm) were prepared from 
commercially available colloidal silica dispersion (Ludox AS-30, 30 wt.% suspension in 
water, ammonium stabilized; Aldrich) and MPS (3-methacryloxy-propyl-trimethoxy-silane, a 
silane-coupling agent; ABCR). The surface modification of the particles was needed to 
minimize agglomeration of the silica particles in organic media. The grafted nanoparticles 
were prepared by mixing 100 g of colloidal silica dispersion with 75 g of ethanol and 30 g of 
MPS and heating them to reflux during four hours. The amount of MPS added was equal to 
about 10 molecules per nm2 of silica surface. During the first 30 minutes of the reaction 125 g 
of n-propanol was added to compensate for the increasing hydrophobicity of the particles. 
After the reaction solvent was removed by distillation until a strong increase of the viscosity 
was observed. The amount of grafted MPS on the silica particles was about 2 molecules per 
nm2. The rest of MPS was present as MPS-oligomers [32]. The silica is expected to be present 
as separate particles due to their extensive grafting. The prepared dispersion was mixed with 
different (meth)acrylic monomers and a photoinitiator (Darocure 1173, 2-hydroxy-2-methyl-
1-phenyl-propan-1-one; Aldrich) to obtain the final coating mixtures. These mixtures were 
applied on polycarbonate substrates by means of a doctor blade applicator. After 
evaporation of the solvent, the coatings were cured by exposure to UV-light under a nitrogen 
atmosphere. Solid coatings were already obtained with a UV-dose of less than 300 mJ/cm2, 
but a dose of 1000–1100 mJ/cm2 was used to ensure that the cure for all the coatings was 
maximal. Commercially available rectangular polycarbonate plates (bisphenol A 
polycarbonate) of 100 cm2 and 0.2 cm thick (G.E. Plastics, the Netherlands) were used as 
substrates. The substrates were used as received apart after removing the protective sheets. 
 

Fifteen silica–(meth)acrylate nanocomposite hybrid coatings different in silica content 
and/or thickness, and one coating without filler were prepared (see Table 4.1, also for the 
abbreviations of the compounds used). The chemical structures of the used (meth)acrylic 
monomers, MPS and bisphenol A polycarbonate are given in Fig. 4.1. All coatings appeared 
to have a good transparency and a good adhesion to the polycarbonate substrates. 

 

4.2.2 Coating thickness measurement 
 

The thickness of the coatings was measured by means of optical microscopy after every 
mechanical test through monitoring a cross–section of every sample. All coatings have a 
thickness hf in a range of 15 – 70 µm (Table 4.1). A typical image obtained is shown in Fig. 
4.2.  
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Table 4.1. Prepared nanocomposite hybrid coatings with their chemical compositions and thickness 
hf. 
 

Coating Chemical composition hf 
Silica (vol.%) Organic matrix a   (µm) 

 1 20 IBMA / HDDA = 1 / 3 68.9 
 2 20 IBMA / HDDA = 1 / 3 56.1 
 3 20 IBMA / HDDA = 1 / 3 54.0 
 4 20 IBMA / HDDA = 1 / 3 43.4 
 5 20 IBMA / HDDA = 1 / 3 26.6 
 6 10 IBMA / HDDA = 1 / 3 70.0 
 7 30 IBMA / HDDA = 1 / 3 70.0 
 8 10 TMPTA  40.8 
 9 10 TMPTA / HDDA = 1 / 1 43.4 
10 10 HEMA  33.2 
11 10 HEMA / HDDA = 1 / 1 35.7 
12 40 TMPTA  28.1 
13 40 TMPTA / HDDA = 1 / 1 26.8 
14 40 HEMA  20.4 
15 40 HEMA / HDDA = 1 / 1 26.8 
16  0 Ebecryl 745 16.6 
 

a IBMA – isobornyl methacrylate, HDDA – 1, 6 hexanediol diacrylate, TMPTA – trimethylolpropane 
triacrylate, HEMA – 2-hydroxyethyl methacrylate, Ebecryl 745 – a commercially available acrylic 
mixture (UCB chemicals, Belgium) was used as a material for a coating without filler. 
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Fig. 4.1. Chemical structures of the used (meth)acrylic monomers, MPS and bisphenol A 
polycarbonate. 
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100 µm 

hf = 54.0 µm 

 
 
Fig. 4.2. Image of a coating–substrate cross–section by means of optical spectroscopy. 
 

4.2.3 Load and depth sensing indentation 
 

In the frame of this research the load and depth sensing indentation experiments were 
performed on all silica–(meth)acrylate nanocomposite hybrid coatings at room temperature 
and ambient atmosphere using the home-built apparatus (Fig. 2.4). In order to check the 
reliability of this analytical tool, the additional depth sensing indentations were carried out 
using different rates, a number of repeats and loads. The Young’s modulus and hardness of 
the polycarbonate substrate were also evaluated and compared with the literature data (see 
Section 4.3.1).  The values of the effective elastic modulus Eeff and hardness H were 
calculated for every loading–unloading hysteresis using Eqs. 2.5 and 2.7, respectively. 
 

4.2.4 Morphology investigation 
 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was used as 
the main tool for morphological analysis. Infrared spectra were recorded using ATR 
objective of a Biorad UMA 500 microscope coupled to a Biorad FTS 6000 FTIR spectrometer. 
The IR spectra were recorded with a resolution of 4 cm–1 adding 50 scans. A slide-on ATR 
crystal of germanium was used permitting investigating about 1 µm thick upper layers of the 
coatings. A typical area for collecting ATR-FTIR information of a coating was about 100 × 100 
µm2. 
 

For investigating the chemical composition over the thickness of a coating, a 5 µm thick slice 
of coating 1 was made by means of microtome cutting. A schematic drawing of the slice is 
shown in Fig. 4.3. Five transmission FTIR spectra from five different regions in the slice were 
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obtained. The approximate locations of the five investigated regions (~ 25 × 25 µm2 each) are 
shown in Fig. 4.3. From the slice IR spectra were recorded using the IR microscope in the 
transmission mode of an area of about 625 µm2 selected by means of redundant aperturing. 
 

 

1 2 3 4 5 

Coating 1 PC 
substrate 

~ 70 µm 

25 µm 
 

 

Fig. 4.3. Schematic drawing of a 5 µm thick slice made of coating 1 for transmission FTIR analysis. 

 

Thermo–gravimetrical analysis (TGA) performed at a temperature range of 30 – 900 °C was 
used for checking silica content in each of the coatings at a decomposition temperature of 900 
°C. The analysis was performed by means of Pyris 6 thermo–gravimetrical analyzer (Perkin 
Elmer). A powdered sample was obtained by means of scratching the coating from the 
substrate. 
 

Additionally, transmission electron microscopy (TEM) was used. Thin cross–sectional cuts of 
the coatings 8, 11 and 15 were prepared at room temperature using a Reichert-Jung Ultracut 
E microtom. For TEM investigations the cross–sections were transferred on conventional Cu 
grids. TEM-work was performed using a Jeol 2000FX operated at 80 kV in order to enhance 
the contrast between the polymer matrices and the silica particles. 
 

Optical microscopy was also used for an observation of the coating morphology and for the 
visualization of the final indents. As an example we show an optical micrograph of 1 N load 
imprints  after  load  and  depth  sensing  indentation  in  three  IBMA/HDDA  coatings with 
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50 µm a) 

c) 

b) 50 µm 

50 µm 
 

 
Fig. 4.4. Optical micrographs of the 70 µm thick silica–IBMA/HDDA nanocomposite hybrid coatings 
after load and depth sensing indentation tests with a load of 1 N. The coatings have different silica 
content 10 a), 20 b), and 30 vol.% c), respectively. 
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different silica content (coatings 6, 1 and 7) in Fig. 4.4. As clearly can be seen from the size 
decline of the imprints in Fig. 4.4, the higher the silica content, the higher the hardness of the 
coatings. The indenter displacement versus load responses of these 70 µm thick coatings for 
the range of applied loads (4 – 1000 mN) are depicted in Fig. 4.5. The responses 
unambiguously show that the higher the silica content, the smaller the indentation depth 
and consequently the smaller the contact area, in line with the sizes of the imprints in Fig. 4.4 
(see also Section 4.3.3). 
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Fig. 4.5. Indenter displacement versus load for the 70 µm thick silica–IBMA/HDDA nanocomposite 
hybrid coatings with different silica content. 
 

 
For evaluating the glass transition temperature Tg of the silica–(meth)acrylate nanocomposite 
hybrid coatings, a differential scanning calorimeter (DSC) Pyris 1 (Perkin Elmer) with 
temperatures ranging from –20 to +90 °C, and a heat rate of 10 and 50 °C/min was used. 
Similarly to TGA, a powdered sample was obtained by means of scratching of the coating 
from the substrate. Unfortunately, no reliable Tg of the silica–(meth)acrylate hybrid coatings 
was obtained, although in the case of polycarbonate, the expected Tg, equal approximately to 
145 °C, was successfully found (see Section 3.3.2). This may be due to selective sampling by 
the scratching procedure and/or the presence of a broad Tg signal. 
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4.3 Results and discussion 
 

4.3.1 Reliability of load and depth sensing indentation measurements 
 

Although DSI has been already thoroughly investigated in the case of thermoplastic 
polymers and hybrid coatings [10, 13, 31, 33, 34], it has not been yet explicitly checked for 
crosslinked polymers. There is only one paper known to us, which partly dealt with this [35]. 
Thus, it makes sense to perform a set of experiments, which would expose possible errors 
during the measurements and/or their further interpretations. Among such experiments the 
dependence of the indentation rate and the influence of the number of repeats of 
indentations for a fixed rate at the same position are of primary interest. 
 

Rate–dependent indentations were performed on coating 1 (Table 4.1) with rates r ranging 
from 0.5 to 20 nm/s, with three repeats at the same position and an applied load of 10 mN. 
The experiments show that the contact displacement hc on the average is equal for the rates 
from 2 to 20 nm/s and slightly lower for the rates 0.5 and 1.0 nm/s. The results for the 
effective elastic modulus and hardness are represented in Figs. 4.6a and 4.6b, respectively. 
Thus on the average and including possible inhomogeneity of the coating 1 on a 50 µm level, 
the obtained Eeff and H data are independent on indentation rate, if r ≥ 2 nm/s is used. 
 

As will become clear, the measurements performed at a constant indentation rate give less 
scatter than those made at different rates. This is due to the fact that our home-built DSI 
apparatus is less suitable for rate dependent measurements. 
 

Repetitive indentation at the same position was done as follows. The indenter, once it 
reached the maximum load Pmax, is unloaded until 10 percent of Pmax, then the next 
indentation is set at the same position up to the same Pmax with a maximum of 10 repeats. 
The indenter is totally unloaded after the last repeat. The value of Eeff and H was calculated 
for every unloading curve. Satisfactory reproducibility of Eeff and H values for all repeats 
shows that apart from the first loading during all the next ones no nonreversible plastic 
deformation occurred and the Eeff and H values obtained represent their correct values for 
the sample. 
 

For the silica–(meth)acrylate hybrid coatings two sets of ‘repeating’ indentations at the same 
position were performed. Coating 1 was used for both sets. The first set consisted of five 
rates (0.5, 1, 5, 10 and 20 nm/s) and of five loads (2, 4, 10, 20 and 50 mN). Six repeats of 
indentations were used for every combination of rate and load. The measurements show that 
for the low rates 0.5 and 1 nm/s, hc increases over all six repeats and consequently the values  
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Fig. 4.6. Effective elastic modulus (a) and hardness (b) versus indentation rate corresponding to a 
load of 10 mN for coating 1. 
 

of Eeff and H change. Starting from a rate of 5 nm/s no further obvious changes in hc, and 
consequently in Eeff and H, are observed. Varying of the loads does not show any noticeable 
influence on the values of the mechanical properties among all repeats for the range of rates 
used. As can be noticed, the results of this set are in a good agreement with above discussed 
rate measurements, where a small rate dependence was observed for the low rates 0.5 and 1 
nm/s as well. So relying on these two independent sets of measurements it can be concluded 
that at the above rate of 5 nm/s no rate and no ‘repeating’ dependences on the mechanical 
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properties of the silica–(meth)acrylate nanocomposite hybrid coatings should be expected. 
For all further experiments a rate of 10 nm/s was used. 
 

For checking if any ‘repeating’ dependence can be observed for the range of applied loads, a 
second set of measurements was carried out. The measurements were performed for three 
repeats in a row and with three different loads (100, 400 and 1000 mN) on coating 1. No 
obvious differences between Eeff and H were found. 
 

Since all coatings are applied on polycarbonate substrates, it seems logical and necessary to 
estimate E and H of polycarbonate by means of nanoindentation as well, and to compare the 
obtained values with literature data. Such measurements were performed at the beginning of 
the experiments and repeated regularly over the period of the experiments in order to assess 
possible changes in substrate properties (see Chapter 3 for details). The obtained E of 
polycarbonate lie in the range of 2.10 – 2.47 GPa in good agreement with earlier published 
data for the elastic modulus of polycarbonate: 2.3 GPa after tensile testing [36] and using an 
integrated microindenter [37]. The elastic modulus of polycarbonate was recalculated from 
its effective values (2.50 – 2.94 GPa) using Eq. 2.6 and Poisson’s ratio of polycarbonate, ν = 0.4 
[36]. 
 

The values for H obtained, in the range from 0.135 to 0.150 GPa, are deviating somewhat 
from the hardness of 0.17 GPa also obtained by nanoindentation [11]. The above-mentioned 
range of about 15 % for E and H, besides the error of measurements (about 10 %), may be 
also due to physical ageing of polycarbonate [38]. 

 

4.3.2 Influence of coating thickness on the mechanical properties 

 

To test the influence of coating thickness on the mechanical properties, a series of chemically 
identical coatings but with a different thickness was produced. The series consists of five 
nanocomposite hybrid coatings, which contain 20 vol.% of silica in IBMA/HDDA (coatings 1 
– 5 in Table 4.1) with a thickness of 68.9, 56.1, 54.0, 43.4 and 26.6 µm, respectively. The 
experimental data for the effective elastic modulus Eeff and hardness H versus relative 
indenter displacement hc/hf for these five coating–substrate systems are presented in Figs. 
4.7a and 4.7b, respectively. The curves show the typical response of a coating–substrate 
system with Ef > Es and Hf > Hs (see Fig. 2.3). Deeper penetration of the indenter into a 
coating corresponds to a higher contribution of the underlying substrate to the measured 
values of the mechanical properties for a coating–substrate system. From the measured 
values a tendency for approaching E and H magnitudes for polycarbonate can be clearly 
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observed. Remember that in our case the measured values of the effective elastic modulus 
for polycarbonate are in a range of 2.50 – 2.94 GPa. 
 

The depicted curves do not show the expected plateaus at shallow indenter depth, which 

correspond to Eeff and H of the coatings without any influence of the substrate. Earlier 

reported plateaus occurred when relative indenter depth is less than 0.07 [13] and 0.40 [24]. 
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Fig. 4.7. Effective elastic modulus (a) and hardness (b) versus relative indenter displacement for the 
silica–IBMA/HDDA nanocomposite hybrid coatings with 20 vol.% of silica and a different thickness. 
 

An optical observation of the imprints suggested that in some cases a slight sink-in occurred 
whereas in the others sink-in was combined with a slight pile-up. It is believed that a rather 
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complex combination between sink-in and pile-up at shallow indentation depths might be an 
explanation for the absence of the plateaus. The absence of the obvious plateaus in our 
experiments makes estimates of Eeff and H for the coatings more difficult. Two functions 
were used to fit the data obtained with the Origin 6.0 software. It appeared that a Gaussian 

function: 
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respectively, results in a slightly better fit to the date than a second order polynomial: 
2

321 xBxBBy ++= , where B1, B2 and B3 are the fitting parameters, respectively. Since the 

values obtained from extrapolation of the Gauss and polynomial fittings to the ordinate axis 
(Eeff and H for hc/hf = 0) generally agree within 2 %, extrapolated values are insensitive to the 
function used. The values obtained from a Gauss extrapolation were taken as the final Eeff 
and H values for the coatings.  
 

The good agreement of the various curves, especially in the case of Eeff = f (hc/hf), shows the 
reliability of load and depth sensing indentation for the tested coatings with a different 
thickness. Since no thickness dependence on the mechanical properties was found, the 
method can be applied on the silica–(meth)acrylate nanocomposite hybrid coatings. 
 

4.3.3 Influence of the chemical composition on the mechanical properties 
 

The influence of the chemical composition CC on the mechanical properties within the silica–
(meth)acrylate nanocomposite hybrid systems is the main interest of this research. The first 
series consists of three silica–IBMA/HDDA nanocomposite hybrid coatings with a thickness 
of about 70 µm and a silica content of 10, 20 and 30 vol.% (coatings 6, 1 and 7 in Table 4.1), 
respectively. Optical microscopy of the indentations show that the higher the silica content, 
the higher the hardness of the coatings (see Section 4.2.4) and, therefore, an increase in the 
elastic modulus, in general, is expected too. This is indeed the case when these coatings are 
compared with an acrylate coating without filler (Figs. 4.8 and 4.9). Similar to the thickness 
series, any evident plateau at low loads is absent for the silica-filled coatings (Fig. 4.8), 
although, for the coating without silica a plateau can be found for Eeff for hc/hf < 0.15 and for 
H for hc/hf < 0.3.  
 

To assess whether silica content mainly defines the mechanical properties of the silica–
(meth)acrylate nanocomposite hybrid coatings, a second series of the silica-filled hybrid 
coatings with varying organic matrices was made. The coatings with 10 and 40 vol.% of silica 
particles were used. TMPTA and HEMA were chosen as new organic matrices. Additionally, 
HDDA was used as a crosslinking modifier in combination with TMPTA and HEMA. The 
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addition of HDDA to TMPTA decreases, in principle, the crosslink density XLD by lowering 
the functionality of the starting monomer mixtures (see Fig. 4.1). Oppositely, the addition of 
HDDA to HEMA enhances the functionality of the starting monomer mixtures and therefore 
increases, in principle, the crosslink density (see Fig. 4.1). The effective elastic modulus and 
hardness for each coating within the series are given in Table 4.2. 
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Fig. 4.8. Effective elastic modulus (a) and hardness (b) versus relative indenter displacement for the 
70 µm thick silica–IBMA/HDDA nanocomposite hybrid coatings with different silica content. 
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Fig. 4.9. Effective elastic modulus (black) and hardness (gray) versus vol.% of silica in the silica–
(meth)acrylate nanocomposite hybrid coatings (coatings 16, 6, 1 and 7). 
 

Table 4.2. Effective elastic modulus Eeff and hardness H of coatings 8 – 15. 

Coating Chemical composition Eeff  H  
 Silica (vol.%) Organic matrix a  (GPa)   (GPa) 

 8 10 TMPTA    7.61 0.668 
 9 10 TMPTA / HDDA = 1 / 1   3.38 0.261  
10 10 HEMA   6.34 0.262 
11 10 HEMA / HDDA = 1 / 1   1.88 0.103 
12 40 TMPTA    7.59 0.860 
13 40 TMPTA / HDDA = 1 / 1 11.48 1.092 
14 40 HEMA    7.73 0.657 
15 40 HEMA / HDDA = 1 / 1   6.99 0.651 
 
a see Table 4.1 
 

The analysis of the data shows that a change of organic matrix has a significant effect on the 
effective elastic modulus and hardness of the silica–(meth)acrylate nanocomposite hybrid 
coatings. In the case of TMPTA matrix, an increase of silica content from 10 up to 40 vol.% 
(coatings 8 and 12) does not increase the value of Eeff within the error of measurements, 
although the hardness increases approximately by 1.3. After lowering of XLD in the system 
by means of HDDA, an increase in Eeff by a factor of 3.4 and in H by 4.2 takes place, when the 
silica content is increased from 10 up to 40 vol.% (coatings 9 and 13). In the case of HEMA 
and HEMA/HDDA matrices, an increase in Eeff by 1.2 and in H by 2.6 (coatings 10 and 14), 
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and by 3.7 and 6.3 (coatings 11 and 15) occurs for the same increase in silica content, 
respectively. 
 

A comparison between coatings 8 and 9 with 10 vol.% of silica shows that a decrease in XLD 
corresponds to a decrease in Eeff and H by a factor of 2.3 and 2.6, respectively. A 
contradicting phenomenon can be found when HEMA is exchanged for HEMA/HDDA 
(coatings 10 and 11). Here a decrease by 3.4 and 2.5 for Eeff and H, respectively, takes place, 
whereas XLD increases. 
 

A comparison between coatings 12 and 13 with 40 vol.% of silica shows that a decrease in 
XLD corresponds to a slight increase in Eeff and H by a factor of 1.5 and 1.3, respectively. In 
the case of the HEMA and HEMA/HDDA coatings (coatings 14 and 15) insignificant 
changes in Eeff and H occurred, although XLD is larger in the latter one. 
 

Additionally, it is worth mentioning that for all silica–(meth)acrylate hybrid coatings 
containing 10 vol.% of silica, no surface cracks occur for the range of applied loads (4 – 1000 
mN). As the silica content is increased up to 40 vol.%, surface cracks occur on all coatings 
under high loads (≥ 800 mN). See Section 7.3.1 for details. Crack formation is accompanied 
with typical changes in load–displacement curves [10, 12]. These curves were not taken into 
account in the data presented here. 
 

Some deviations in Eeff and H for coating 1 between the rate series, the thickness series and 
the silica content series are probably due to physical ageing of the coating [39]. 
 

4.3.4 Morphological analysis of the coatings 

Morphological analysis of the coatings can bring deeper insight into mechanical properties 
and the physical and chemical phenomena responsible. ATR-FTIR spectrometer was 
employed as the main tool for morphological analysis in this research. 
 

Firstly, the homogeneity of the coatings was investigated. ATR-FTIR analysis showed that 
the chemical composition of the coatings is homogeneous over the surface in a thickness of 1 
µm. The transmission FTIR spectra of coating 1 for regions from 1 to 5 (see also Fig. 4.3) are 
presented in Fig. 4.10. The spectra of the first three regions show satisfactory homogeneity 
within the coating throughout its thickness, as can be concluded from the negligible 
deviations between ratios of the peak areas for corresponding chemical bond deformations: 
the symmetric and antisymmetric C–H stretching of the CH3 and CH2, C=O stretching, 
symmetric and antisymmetric CH3 bending, and the CH2 ‘scissor’ (Table 4.3 and see also Fig. 
4.1) [40]. 
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Fig. 4.10. Corresponding transmission FTIR spectra taken from 5 different regions of a 5 µm thick 
slice, which is made of coating 1. 
 

Table 4.3. Characteristic IR frequencies for silica–(meth)acrylate coatings on polycarbonate substrate. 

Assignment a Wavenumber a (cm–1) 
Antisymmetric CH3 stretching 2969–2965 
Antisymmetric CH2 stretching 2929–2912 
Symmetric CH3 stretching 2884–2883 
Symmetric CH2 stretching 2861–2849 
C=O stretching 1782 
C=O stretching 1740–1715 
C=C stretching 1690–1650 
Aromatic ring stretching 1600, 1515 
CH3 symmetric bending 1473–1446 
CH2 ‘scissor’ 1460–1445 
CH3 antisymmetric bending 1385–1368 
C–O stretching 1219, 1168, 1158 
Ring ‘breathing’ 1188, 1112, 832 
C–O stretching 1154 
Si–O–Si stretching 1090, 1020, 820 
Aromatic C–H out-of-plane deformation 785–700 
 
a italic typing corresponds to polycarbonate peaks 

 

The spectrum taken from the region 4 represents the coating as well as the polycarbonate 
substrate, whereas the spectrum taken from the region 5 shows only the polycarbonate 
substrate itself (cf. spectrum 5 in Fig. 4.10 and Fig. 3.4). As can be seen, deformations of the 
aromatic rings in bisphenol A polycarbonate (see Fig. 4.1) change the spectrum profile 
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dramatically (spectrum 5 in Fig. 4.10): see the corresponding frequencies for aromatic ring 
stretching, ring ‘breathing’ and for aromatic C–H out-of-plane deformation. Additionally, 
new significant peaks at frequencies of 1782 and roughly 1230–1150 cm–1 for C=O and C–O 
stretching of the carbonate groups can be found, respectively. Spectrum 4 is indeed a 
combination of the spectra of the polycarbonate substrate and the silica–IBMA/HDDA 
coating. Hence, coating 1 is homogeneous within the fault of measurement. 
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Fig. 4.11. ATR-FTIR spectra of the silica–IBMA/HDDA nanocomposite hybrid coatings with the 
identical chemical composition but the different coating thickness; the coatings 1, 2, 3, 4 and 5, 
respectively.  
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Fig. 4.12. ATR-FTIR spectra of the 70 µm thick silica–IBMA/HDDA nanocomposite hybrid coatings 
with different silica content 10, 20 and 30 vol.% in the coatings 6, 1 and 7, respectively. 
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The corresponding ATR-FTIR spectra taken for the coatings, which are only different in 
thickness, are represented in Fig. 4.11 (coatings 1 – 5 in Table 4.1). It appeared that, four of 
the five spectra are identical, indicating good similarity in chemical compositions of these 
four coatings. Surprisingly, the remaining spectrum (coating 3) shows that for this coating its 
1 µm thick upper layer is enriched with silica or/and MPS-oligomers, as can be concluded 
from more intense double peak for Si–O–Si stretching at 1090 and 1020 cm–1. 
 

The ATR-FTIR spectra for the first series depending on silica content in IBMA/HDDA 
organic matrix (coatings 6, 1 and 7 with 10, 20 and 30 vol.% of silica, respectively) are given 
in Fig. 4.12. The spectra show that indeed in the upper layers of the coatings the silica 
content is increased, as can be seen from a comparison of the ratios between silica peaks and 
e.g. the C=O stretching vibration or the (anti)symmetric CH3 and CH2 stretching vibration. 
 

Approximately the same behavior was found for the silica content series with simultaneous 
variations in polymeric matrices, as shown for the coatings 8 and 12 in Fig. 4.13 and for the 
coatings 9 and 13 in Fig. 4.14, respectively.  
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Fig. 4.13. ATR-FTIR spectra of the silica–TMPTA nanocomposite hybrid coatings with different silica 
content 10 and 40 vol.% in the coatings 8 and 12, respectively. 
 

The absence of an obvious peak corresponding to C=C stretching in four spectra of coating 1 
(Fig. 4.10) suggests that UV curing of the (meth)acrylate matrix was successful throughout 
the coating thickness. In the other coatings a slightly more pronounced peak for C=C 
stretching can be observed. This shows that some C=C bonds are left in the coatings 8 – 15, 
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indicating a lesser UV curing efficiency in this series. It also means lower XLD than can be 
calculated based on the initial amounts added. 
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Fig. 4.14. ATR-FTIR spectra of the silica–TMPTA/HDDA nanocomposite hybrid coatings with 
different silica content 10 and 40 vol.% in the coatings 9 and 13, respectively. 
 

Moreover, a thorough examination of the ATR-FTIR spectra reveals the remarkable tendency 
that the relative amount of the remaining C=C bonds increases in the top layers (see Section 
4.2.4) of the coatings 8 – 15, when the silica content is increased from 10 to 40 vol.%. Most 
clearly such a tendency can be seen in the case of the silica–TMPTA/HDDA nanocomposite 
hybrid coatings (Fig. 4.14), however it is also valid for the others: note that despite an 
increase in silica content by 30 vol.%, no noticeable decrease in C=C stretching can be 
observed (Fig. 4.13). 
 

It is worth mentioning that for all coatings, besides the coatings made from HEMA (see Fig. 
4.1), no noticeable presence of an O–H stretching bond was revealed. This shows that the 
water content in the coating is minimal. 
 

Thermo–gravimetrical analysis was used for checking the silica content in each of the 
coatings. An examination of the TGA graphs for the coatings revealed that the formed MPS-
oligomers were decomposed at a temperature range of 550 – 800 °C, where a loss in wt.% 
equal to the calculated wt.% of the MPS-oligomers was observed. After grafting the silica 
particles gained about 3 wt.%. This increase in weight was neglected because it was less than 
the fault of the TGA measurements. The TGA analysis proved that all coatings had the 
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prescribed amount of silica. The weight percentage of the decomposed coatings versus 
prescribed weight % of silica is presented in Fig. 4.15 for a decomposition temperature of 900 
°C. Remarkably, TGA did not reveal any noticeable deviation of silica content in coating 3 
from its prescribed value.  
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Fig. 4.15. Weight % of the decomposed coatings versus prescribed weight % of silica. The inclusion 
provides the volume % – weight % ratio of silica in a silica–(meth)acrylate nanocomposite hybrid 
system with the materials densities of 2.2 and 1.0 g/cm3 for silica and (meth)acrylate, respectively. 
 

Additionally, transmission electron microscopy was used to provide the morphological 
information on a nanometer scale for the silica–(meth)acrylate nanocomposite hybrid 
coatings. The obtained TEM images for the coatings 11 and 15 are shown in Figs. 4.16a and 
4.16b, respectively. The TEM images show that in the HEMA/HDDA matrix the silica 
particles are present as separated particles homogeneously distributed in coating 11 (10 
vol.% of silica).  In coating 15 (40 vol.% of silica) the silica particles are (partly) aggregated 
into particle network fragments with one particle chain thickness. 
 

4.3.5 Final thoughts 
 

A comparison of the indentation data and morphological analyses shows that the mechanical 
properties of the silica–(meth)acrylate nanocomposite hybrid coatings cannot be simply 
described by the percentage concentration of silica in them, but more insight into the 
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mesoscopic and molecular morphologies of the nanocomposite hybrid systems has to be 
developed. 

 
 

 

a) 

b) 
 

Fig. 4.16. TEM images for the coatings 11 a) and 15 b), respectively. 

 

In particular, for one of the coatings (coating 3) within the thickness series a higher content of 
silica or/and MPS-oligomers in its 1 µm thick upper layer was revealed (Fig. 4.11), although 
for the same coating no unusual behavior in the corresponding mechanical measurements 
was found (Fig. 4.7). A possible explanation for this obvious contradiction may be an 
inhomogeneous dispersion of MPS-oligomers through the thickness with a more significant 
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presence of it at the upper layer of the coating. Another reason may be an increase of SiO2 
particle content in the top layer of coating 3 (see below). 
 

When a comparison is made for the IBMA/HDDA coatings with different filler content FC, 
the corresponding morphological (Fig. 4.12) and mechanical (Figs. 4.8 and 4.9) data show the 
expected correlation: an increase in filler particle concentration results into an increase in Eeff 
and H, as has been shown earlier in the literature for silica filled thermoplastic hybrid 
coatings for E [33], and in the case of thermoset filled solvent borne coatings for the storage 
modulus E’ [41]. 
 

A comparison made of the morphology with aid of ATR-FTIR and the mechanical properties 
for the HEMA and TMPTA concentrations series reveals a remarkable contradiction. An 
increase in silica content from 10 to 40 vol.% in the case of the silica–TMPTA hybrid coatings 
(Fig. 4.13) is not corresponding to a noticeable increase in Eeff and H, as it is normally the case 
for the rest of the coatings (Table 4.2). Such a phenomenon was earlier reported for E’ by Hill 
for polyester powder coatings by means of comparing the position of their rubbery plateau 
[41]. Moreover, van der Linde et al. [42] reported even some reductions in rubbery plateau 
values of E’ for TiO2 filled coatings comparing to the unfilled ones. Finally, Drozdov and 
Dorfmann [43] showed that for a carbon black filled elastomer the elastic modulus increases 
with large particles of filler and decreases with small particles above the percolation 
threshold. Thus, the final mechanical properties are also dependent on filler size FS. 
 

Particle dimensions were claimed by van Es to be of a great importance to final mechanical 
properties too, as was shown in the case of polymer–clay nanocomposites [44]. Therefore, in 
general, the ultimate mechanical properties of nanocomposite hybrid materials might be 
influenced by filler geometry FG as well. 
 

Material scientists generally agree that E, H = f (XLD) and, as was reported earlier with 
increasing XLD, hardness increases [45-47]. The same phenomenon is normally the case for 
E’ as, for instance, was shown for polyallyl diglycol carbonate and polyurethane 
interpenetrating polymer networks IPNs [48] and in the work of Banik et al. [49]. On the 
contrary, Mathew et al. [47] showed for IPNs based on natural rubber/polystyrene system 
that E = f (XLD) is a curve with a maximum in it. In our case HDDA is used as a XLD reducer 
for the silica–TMPTA/HDDA nanocomposite hybrid coatings due to its lower functionality 
comparing to TMPTA. Remarkably, that depending on silica content, the influence of XLD is 
opposite, as for the coatings containing 10 vol.% of silica with increasing XLD, Eeff and H 
increase (coatings 8 and 9 in Table 4.2), and for the coatings containing 40 vol.% of silica with 
increasing XLD, Eeff and H decrease (coatings 12 and 13). 
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Now returning back to the coatings 8 and 12 (Fig. 4.13 and Table 4.2), it becomes quite 
obvious that if an increase in FC or XLD separately results into an increase in E and H, then 
the only way for Eeff of these two coatings to remain approximately constant is that FC and 
XLD do not influence the mechanical properties of the nanocomposite hybrid coatings 
independently, but that they influence each other and combined they are responsible for the 
final mechanical properties. Since modified silica particles also have C=C bonds on their 
surface, this means that filler content is also responsible for changes in amount and/or type 
of crosslink density. Thus, it seems to be logical to conclude that an increase of FC decreases 
crosslink density (or changes its type of crosslinks), and this is probably what happens in the 
case of coatings 12 and 13 too. 
 

A similar explanation can be valid for the untypical IR profile of coating 3 within the 
thickness series. It means that if the concentration of silica particles in the 1 µm thick upper 
layer was higher than in the rest of coating 3, it changed the crosslinking in the layer and 
finally led to unnoticeable changes in the mechanical properties of coating 3, as compared to 
the rest of the coatings within the thickness series. 
 

Unfortunately, from the series it cannot be estimated how large the influence of increasing of 
silica content on changing the crosslinking is, and this is a topic of our further research (see 
Chapter 6). 
 

Furthermore, it is known from the literature that E, H = f (Tg). An increase of E’ [50] and H 
[51] values was reported when Tg increased, although, it is also claimed that an increase in Tg 
results in a decrease of XLD [52]. Unfortunately, Tg of the silica–(meth)acrylate 
nanocomposite hybrid coatings, reported here, could not be measured and thus no further 
information is available at this moment. 
 

Thus, after gathering all knowledge together, we end up with a very complex system, in 
which almost every parameter in some way can be influenced by the others, or saying it 
differently for the discussed mechanical properties of silica–(meth)acrylate nanocomposite 
hybrid coatings: E, H = f (FC, XLD, Tg, FS, FG, CC, …), where crosslink density XLD may be a 
function of filler content FC and Tg, even when filler size FS and FG are constant. 
 

4.4 Conclusions 
 

Load and depth sensing indentation has shown itself as a powerful tool for an accurate 
estimation of mechanical properties of crosslinked and nanocomposite hybrid coatings, as 
shown for the case of the silica–(meth)acrylate nanocomposite hybrid coatings on 
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polycarbonate substrate. For indentation rates in the range above 2 nm/s the elastic modulus 
and hardness appeared to be independent of indentation rate. 
 

The mechanical properties of the silica–(meth)acrylate nanocomposite hybrid coatings, and 
therefore presumably also of other hybrid systems, cannot be simply predicted and 
explained by the filler content. 
 

Ideas about mutual influence of crosslink density, filler content and other variables on the 
mechanical properties of the silica–(meth)acrylate nanocomposite hybrid coatings and 
simultaneous influence of filler content on crosslink density are given. It is expected that it 
may be valid for other hybrid polymer-nanocomposite systems too. 
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MECHANICAL PROPERTIES OF ATO–ACRYLATE 

NANOCOMPOSITE HYBRID COATINGS ON POLYCARBONATE 
 

_________________________________________________________________________________________ 

 

 

 

 

 

 

Synopsis 
 

Mechanical properties of ATO–acrylate nanocomposite hybrid coatings deposited on 

polycarbonate substrates were investigated with respect to the degree of surface 

modification and the volume fraction of ATO nanoparticles using load and depth sensing 

indentation. The Young’s modulus and hardness of acrylic coatings can be enhanced 

significantly by increasing the filler fraction. A modification of the ATO nanoparticles by a 

silane-coupling agent appeared to have a rather complex influence on both modulus and 

hardness of the ATO–acrylate coatings. Possible reasons for this behaviour are discussed. 
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5.1 Introduction 
 

Nanocomposites, as perspective performance materials, have triggered significant research 
activities more than a decade ago, and have become a hot topic for scientific discussions 
among materials scientists [1]. Nowadays, nanocomposite hybrid coatings are of significant 
interest in particular, since they are expected to provide enhanced mechanical properties of 
surfaces of polymeric carriers. Success in the research in this field will surely broaden a 
spectrum of applications of polymers, once low mechanical performance of polymers, e.g. 
poor scratch and abrasion resistance, is overcome. 
 

In the meantime a load and depth sensing indentation (DSI) technique, originally referred to 
as nanoindentation [2], has shown itself as a powerful tool to characterize a number of 
mechanical properties of coatings. A significant advantage of this technique, as compared to 
other techniques used for mechanical assessment, is its ability to evaluate the mechanical 
properties of a coating without separation the coating from a substrate. Because of this 
advantage DSI has been intensively used for various coating–substrate systems already [3]. 
 

In this chapter the effective elastic modulii and hardness of antimony-doped tin oxide (ATO) 
– acrylate nanocomposite hybrid coatings are reported. These mechanical properties were 
evaluated by means of DSI. The influence of the filler fraction and the degree of surface 
modification of ATO nanoparticles on the mechanical properties of the ATO–acrylate 
coatings was investigated. 
 

5.2 Experimental section 
 

5.2.1 Coating preparation 
 

The grafted (modified) nano-sized antimony-doped tin oxide particles were prepared from 
commercially available ATO nanoparticles and 3-methacryloxy-propyl-trimethoxy-silane 
(MPS). The ATO nanoparticles were purchased as dispersion in water with a neutral pH and 
a solid content of 12 wt.% (with a doping level of 16 mol.%) from LWB-Eindhoven (the 
Netherlands). A MPS coupling agent was purchased from ABCR (USA). 
 

Here we explain the modification of the particles briefly and refer to the work done by 
Posthumus et al. [4] for details. The surface modification of the particles was needed in order 
to minimize agglomeration of the particles in organic media. The ATO particles were grafted 
with different amounts of the silane-coupling agent, ranging in a MPS/ATO ratio from 0.04 
to 0.34 (g/g). Coverage of the ATO particles with respect to the MPS/ATO ratio is shown 
schematically in Fig. 5.1, where a saturated state of coverage at approximately MPS/ATO = 
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0.1 is reached. The corresponding coverage value, i.e. approximately 2 µmol of MPS per 
square meter of the surface of the ATO particles, at this saturation state appeared to be about 
60 % of the amount needed for a monolayer surface coverage with a strictly parallel 
orientation of the MPS molecules to the surface of the ATO particles [4]. The silane-coupling 
agent, which was not used for grafting of the particles, was present as MPS monomers and 
oligomers in the ATO–acrylate nanocomposite hybrid coatings. This amount was 
approximately equal to 35 % (for the MPS/ATO ratio = 0.04), 60 % (= 0.09) and 85 % (= 0.34) 
of the MPS added during grafting of the ATO particles, respectively [4]. 
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Fig. 5.1. Schematic representation of the coverage of the ATO particles embedded into the acrylic 
matrix with respect to the MPS/ATO ratio. 
 

Increases in the solid content of the inorganic phases, i.e. the ATO particles and the silica 
from the silane-coupling agent, present in the ATO–acrylate coatings with respect to the filler 
fraction are given in Fig. 5.2 for the three MPS/ATO ratios used. 
 

After the surface modification the ATO particles were mixed with a commercially available 
acrylic mixture Ebecryl 745 (UCB, Belgium), a photoinitiator 2-hydroxy-2-methyl-1-phenyl-
propan-1-one (Aldrich) and a solvent (n-propanol). After applying the produced mixtures on 
polycarbonate substrates, the solvent was evaporated and a radical reaction was triggered by 
UV irradiation (1000–1100 mJ/cm2) under nitrogen atmosphere. This caused the crosslinking 
of the acrylic mixture and led to the final ATO–acrylate nanocomposite hybrid coatings. In 
total eighteen ATO–acrylate nanocomposite hybrid coatings and one blank acrylic coating 
were prepared (Table 5.1). In order to have a clear image about main ingredients present in 
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the synthesized coatings, the chemical compositions of the ATO–acrylate nanocomposite 
hybrid coatings are given in Table 5.2. 
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Fig. 5.2. Volume presence of inorganic phases (the embedded ATO particles and in situ formed silica) 
versus the volume fraction of the ATO particles in the ATO–acrylate nanocomposite hybrid coatings 
for three MPS/ATO ratios. 
 

Application of the obtained coating mixtures was done by means of a doctor blade 
applicator. The produced ATO–acrylate coatings had a coating thickness ranging from 5 to 
30 µm (Table 5.1). The thickness of the coatings hf was measured by means of optical 
microscopy prior to or after the DSI measurements through monitoring a cross–section of 
every sample. Commercially available rectangular polycarbonate plates (G.E. Plastics, the 
Netherlands) were used as substrates. The substrates were used as received apart after 
removing the protective sheets. 
 

Due to the small size of the ATO particles, which was approximately 7 nm [5], the coatings 
exhibited a very limited light scattering. They appeared to be bluish and had a good optical 
transparency. The intensity of the colorization correlated with the amount of the ATO 
particles present in the coatings. 
 

5.2.2 Load and depth sensing indentation 
 

As was proposed by Oliver and Pharr [2], the mechanical properties were determined from 
load and depth sensing indentation data obtained during a complete cycle of loading and 
unloading  for  each  coating–substrate system.  The exact procedure, which  was followed in  
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Table 5.1. Prepared ATO–acrylate nanocomposite hybrid coatings with their volume fraction of the 
ATO particles, MPS/ATO ratio, thickness hf, effective elastic modulus Eeff and hardness H. A 
commercially available acrylic mixture Ebecryl 745 was used as a polymeric matrix. 

 

Coating ATO particles
(vol.%) 

 MPS/ATO 
(g/g) 

hf  
(µm) 

Eeff 
(GPa)

H 
(MPa) 

1 0 0 16.6 1.84 54 
2 2 0.04 24.7 2.47 86 
3 5 0.04 21.0 2.97 113 
4 10 0.04 18.5 3.82 135 
5 15 0.04 11.1 4.44 166 
6 20 0.04 6.2 4.86 196 
7 25 0.04 6.2 5.48 242 
8 5 0.09 28.3 2.47 71 
9 10 0.09 25.2 3.01 99 

10 15 0.09 22.0 3.98 141 
11 20 0.09 21.0 4.48 247 
12 25 0.09 19.8 5.41 320 
13 30 0.09 16.0 6.42 391 
14 5 0.34 21.0 2.63 78 
15 10 0.34 18.5 2.84 76 
16 15 0.34 22.2 3.25 91 
17 20 0.34 22.2 4.13 162 
18 25 0.34 18.5 4.83 251 
19 30 0.34 17.3 7.41 428 

 

Table 5.2. Chemical composition of the ATO–acrylate nanocomposite hybrid coatings. a  
 

MPS/ATO = 0.04 (g/g) MPS/ATO = 0.09 (g/g) MPS/ATO = 0.34 (g/g) 
MPS (vol.%) b MPS (vol.%) b MPS (vol.%) b ATO 

(vol.%) on ATO 
particles 

as MPS 
oligomers 

Ebecryl 
745 

(vol.%) 
on ATO 
particles

as MPS 
oligomers

Ebecryl 
745 

(vol.%) 
on ATO 
particles 

as MPS 
oligomers

Ebecryl 
745 

(vol.%)
0 0 0 100 0 0 100 0 0 100 
5 0.88 0.48 93.64 1.22 1.84 91.94 1.73 9.83 83.44 

10 1.77 0.95 87.28 2.45 3.67 83.88 3.47 19.65 66.88 
15 2.65 1.43 80.92 3.67 5.51 75.82 5.20 29.48 50.32 
20 3.54 1.90 74.56 4.90 7.34 67.76 6.94 39.30 33.76 
25 4.42 2.38 68.20 6.12 9.18 59.70 8.67 49.13 17.20 
30 5.30 2.86 61.84 7.34 11.02 51.64 10.40 58.96 0.64 

 
a – The material densities of 6.8 g/cm3 for ATO and of 1.0 g/cm3 for MPS and Ebecryl 745, 
respectively, were used in order to calculate the volume fractions of the ingredients. The presence of 
the photoinitiator and the solvent, which also might remain in the coatings, was not taken into 
account during calculations. 
b – The presence of MPS on the ATO particles and as the MPS oligomers (and monomers) was 
calculated in accordance with the surface coverage of the ATO particles by MPS for different 
MPS/ATO ratio values [4]. The amounts of MPS present on the ATO particles were estimated as 
equal to ~ 65, 40 and 15 % of the MPS added to the coating mixtures for the MPS/ATO ratio = 0.04, 
0.09 and 0.34 g/g, respectively. 
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order to estimate the effective elastic modulii Eeff and hardness H of the coating–substrate 
systems, is described in detail elsewhere [3]. Load and depth sensing indentations were 
carried out at room temperature and ambient atmosphere using the home-built apparatus 
(see Chapter 2 for more details about the apparatus). 
 

The unloading stiffness, which is needed for assessing the effective elastic modulus, was 
determined at an indentation displacement h  hmax from a polynomial function, which 
fitted 90 % of the unloading curve successfully (see Appendix A for details regarding these 
fittings and for calculation of Eeff and H). Indentation loads used ranged from 4 to 1000 mN. 
An indentation rate of 10 nm/s was used. 
 

For each coating–substrate system Eeff and H versus hc/hf plots, where hc is contact 
displacement, were constructed in order to estimate the precise Eeff and H magnitudes for 
each coating [3]. Unfortunately, in many instances no plateau-like steps at very shallow 
indenter displacements (hc/hf < 0.1), which would significantly simplify the estimation of Eeff 
and H of the coatings, were observed. Therefore, a Gaussian function: 
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, where C1, C2, C3 and C4 are fitting parameters, x = hc/hf and y 

represents either Eeff or H, was used to fit the data, and the values obtained from the fitted 
curves for x = 0 were taken as the final Eeff and H values for the coatings [3]. 
 

5.2.3 ATR-FTIR analysis 
 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was used for 
morphological analysis of the ATO–acrylate nanocomposite hybrid coatings. Infrared spectra 
were recorded using an ATR slide-on accessory on the objective of a Biorad UMA 500 
microscope coupled to a Biorad FTS 6000 FTIR spectrometer. The IR spectra were recorded 
with a resolution of 4 cm–1 co-adding 50 scans. A slide-on ATR crystal of germanium was 
used permitting investigation of about 1 µm thick upper layers of the coatings. A typical area 
for collecting ATR-IR information was about 100 × 100 µm2. 
 

5.3 Results and discussion 
 

The morphological analysis of the ATO–acrylate nanocomposite hybrid coatings, carried out 
by means of ATR-FTIR spectroscopy, suggested that with an increase in the ATO content the 
presence of the ATO particles in 1 µm thick upper layers of the coatings increased 
independently of the MPS/ATO ratio used. Since no surface layer lacking the ATO particles 
was present in the coatings, the mechanical properties evaluated using DSI, which is a 
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surface analytical technique, can be correlated with the amounts of the ATO particles present 
in the coatings. As an example, the ATR-FTIR spectra representative for the ATO–acrylate 
nanocomposite hybrid coatings with different filler fractions are given in Fig. 5.3, for the 
coatings with the MPS/ATO ratio equal to 0.09 g/g. An evidence of the presence of the ATO 
particles in the surface layers of the coatings can be seen in these spectra as a part of a peak at 
frequencies lower than 800 cm–1, which corresponds to Sn–O and Sb–O stretching. 
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Fig. 5.3. ATR-FTIR spectra of the ATO–acrylate nanocomposite hybrid coatings with different volume 
fractions of the ATO particles and the MPS/ATO ratio equal to 0.09 g/g. 
 

As one can see in Fig. 5.3 the shape of the peak at 1690 – 1650 cm–1, which is associated with 
C=C stretching [6], changes rather significantly during an increase in the ATO content. Since 
C=C bonds are the moieties of two different compounds Ebecryl 745 and MPS, this change 
can be attributed to the gradual substitution of Ebecryl 745 by MPS with an increase in the 
filler content. An approximate magnitude of this substitution can be seen in Table 5.2 
through comparing the presence of Ebecryl 745 and MPS (on the ATO particles and as MPS 
oligomers/monomers) in the corresponding coatings. The presence of C=C bonds in each 
ATO–acrylate nanocomposite hybrid coating (Fig. 5.3) also implies that in none of the 
coatings a full conversion of all C=C bonds into crosslinks was achieved during UV curing, 
and the amount of the remaining C=C bonds increased in the coatings when the filler 
fraction increased. 
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Fig. 5.4. ATR-FTIR spectra of the ATO–acrylate nanocomposite hybrid coatings with different 
MPS/ATO ratios and the fraction of the ATO particles equal to 10 vol.%. 
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Fig. 5.5. ATR-FTIR spectra of the ATO–acrylate nanocomposite hybrid coatings with different 
MPS/ATO ratios and the fraction of the ATO particles equal to 20 vol.%. 

 

As was indicated earlier, the amount of those MPS molecules, which do not participate in 
grafting of the ATO particles, grows with an increase in the MPS/ATO ratio for the coatings 
with similar filler fractions. The estimated values of the silane-coupling agent present as the 
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MPS oligomers and monomers in the coatings can be seen in Table 5.2. An evidence of in situ 
formed silica, which is a moiety of the MPS oligomers, can be clearly seen in the ATR-FTIR 
spectra in Figs. 5.4 and 5.5 as the peak at 1090 cm–1 associated with Si–O–Si stretching [6]. It 
is also obvious from these figures that with an increase in the MPS/ATO ratio the amount of 
the MPS oligomers increases. 
 

The effective elastic modulus and hardness values obtained for the ATO–acrylate 
nanocomposite hybrid coatings are listed in Table 5.1 with respect to the amount of the ATO 
particles and the MPS/ATO ratio. The same values are also given in Figs. 5.6 and 5.7 for the 
effective elastic modulus and hardness of the coatings, respectively. As one can see in these 
figures the gradual increases in Eeff and H of the coatings take place with an increase in the 
filler fraction for the all three MPS/ATO ratios used. The largest increase achieved in the 
mechanical properties of the ATO–acrylate coatings as compared to the blank coating (cf. 
coatings 1 and 19) is as high as ~ 400 % for the effective elastic modulus and ~ 790 % for the 
hardness, respectively (see also comments below). 
 

It is remarkable, that Eeff and H of the ATO–acrylate nanocomposite hybrid coatings with the 
lowest MPS/ATO ratio and the amount of the ATO particles ≤ 20 vol.% for Eeff (Fig. 5.6) and 
≤ 15 vol.% for H (Fig. 5.7) appear to be somewhat higher than those for the coatings with the 
higher concentration of the silane-coupling agent. Upon further increase in the filler fraction, 
however, Eeff and H of the coatings with the higher MPS/ATO ratio tend to exceed the 
mechanical properties of the other coatings. A possible explanation for this behaviour of Eeff 
and H with respect to the MPS/ATO ratio may be the following. For the ATO–acrylate 
coatings with the filler fraction ≤ 15 vol.% an increase in the silane-coupling agent causes a 
decrease in the mechanical properties of the polymeric phase, which is the acrylic matrix 
together with the polymeric tails of the silane-coupling agent present on the particles and in 
the MPS oligomers/monomers. On the other hand, the more rapid increase in the 
mechanical properties of the coatings with the higher filler fraction and the higher MPS 
content might be explained by the hypothesis that the silica formed in situ as parts of the 
MPS oligomers (see Figs. 5.4 and 5.5) tends to play a more significant role in the mechanical 
properties of these ATO–acrylate coatings, as compared to the coatings with the lower 
MPS/ATO ratio. Thus, if the influence of the filler fraction on the mechanical properties of 
the coatings is taken out of the consideration, then the differences observed in the Eeff and H 
values of the coatings with different MPS/ATO ratios but similar filler fractions in Figs. 5.6 
and 5.7 can be explained by a gradual transition from a nanocomposite system, whose 
mechanical properties determined largely by the polymeric matrix formed by Ebecryl 745, to 
a nanocomposite system, whose mechanical properties determined by the in situ formed 
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silica and by MPS derivatives as whole, upon an increase in the filler fraction (see Table 5.2). 
For instance, the polymeric media in coating 19, which has the highest Eeff and H values 
among the coatings, consists almost completely of the MPS derivatives (see Table 5.2) and, 
therefore, the comparison of the mechanical properties of coating 19 with the blank acrylic 
coating (coating 1) is not entirely correct. 
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Fig. 5.6. Effective elastic modulus versus the volume fraction of the ATO particles and with respect to 
the MPS/ATO ratio in the ATO–acrylate nanocomposite hybrid coatings. 
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Fig. 5.7. Hardness versus the volume fraction of the ATO particles and with respect to the MPS/ATO 
ratio in the ATO–acrylate nanocomposite hybrid coatings.  
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It is evident from Figs. 5.6 and 5.7 that an increase in the MPS/ATO ratio in the coatings with 
the filler fraction ≤ 15 vol.%, for which Ebecryl 745 is a main component of the polymeric 
matrix (see Table 5.2), does not improve the mechanical properties of the coatings but 
deteriorates them. This result is somewhat contradictory to general expectations suggesting 
that enhanced bonding between polymeric media and embedded filler should lead to a 
better mechanical performance of the coatings. However, it is also known from the literature, 
that glass transition temperature Tg of thin polymeric films (hf < 250 nm) increases 
substantially when film thickness decreases [7]. Hence, one might assume that the polymeric 
coverage of the ATO particles obtained with the lower MPS/ATO ratio may be associated 
with a higher Tg. If this is correct, then for the ATO–acrylate coatings with the lower 
MPS/ATO ratio, the local increases in Tg values should increase the average Tg values of 
these coatings. Subsequently, this would imply that the mechanical properties of these 
coatings are likely to be improved as well. The presented line of thoughts can explain the 
observed decrease in Eeff and H values of the ATO–acrylate coatings with a higher 
MPS/ATO ratio and a constant filler fraction (up to 15 vol.%). It seems to be unambiguous, 
therefore, that the filler fraction of the ATO particles and the mechanical properties of the 
polymeric matrix in combination are responsible for the ultimate mechanical properties of 
the ATO–acrylate nanocomposite hybrid coatings. 
 

It is worthwhile of mentioning here, that the improvement in the elastic modulus of the 
blank acrylate (Ebecryl 745) filled with the ATO nanoparticles up to 15 vol.% for the coatings 
with the MPS/ATO ratio = 0,04 (coatings 1 – 5 in Table 5.1) appeared to be in a good 
agreement with an increase of the Young’s modulus of thermoplastic polystyrene filled with 
alumina and glass beads with different particle sizes: 0.035 to 100 µm [8]. A comparison 
shows that, indeed, a smaller amount of filler is needed to achieve a similar increase in 
Young’s modulus of composites if fillers with a smaller particle size are used. A comparison 
of the same ATO–acrylate nanocomposite hybrid coatings with the urethane methacrylate 
and methyl methacrylate / ethoxylated bisphenol A dimethacrylate filled with silica send [9] 
also leads to an analogous conclusion. 
 

It is also interesting to indicate here that for the ATO–acrylate nanocomposite hybrid 
coatings, in the elastic modulus versus filler fraction dependencies, neither a maximum nor a 
minimum was observed. Though, such dependences were reported by other researches for 
some (nano)composite materials [10, 11]. 
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5.4 Conclusions 
 

The mechanical properties of the ATO–acrylate nanocomposite hybrid coatings with respect 
to a degree of surface modification and a fraction of the ATO nanoparticles have been 
reported. The research revealed that the mechanical properties of the acrylic coatings 
enhance significantly, in 4 and 7.9 times for the effective elastic modulus and hardness, 
respectively, when 30 vol.% of the ATO nanoparticles are embedded into the polymeric 
matrix. 
 

A modification of the ATO particles by a silane-coupling agent appeared to have a rather 
complex influence on the final mechanical properties of these coatings. In particular, for the 
ATO–acrylate nanocomposite hybrid coatings with a filler fraction ≤ 15 vol.%, a decrease in 
the mechanical properties was observed, when the surface of the ATO nanoparticles was 
grafted at larger extent with a silane-coupling agent. 
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MECHANICAL PROPERTIES OF NOVEL PHTHALOCYANINE–EPOXY 

NANOCOMPOSITE HYBRID COATINGS ON POLYCARBONATE ¤ 
 

_________________________________________________________________________________________ 

 

 
 
 
 
 

Synopsis 
 

The mechanical properties of novel glassy and rubbery phthalocyanine–epoxy 
nanocomposite hybrid coatings deposited on polycarbonate substrates are reported. The 
effective elastic modulus and hardness of these coatings were evaluated by means of a load 
and depth sensing indentation technique with respect to filler fraction and crosslink density. 
The work shows that the effective elastic modulus of the glassy epoxy coatings can be 
increased as much as in ~ 1.3 to 1.5 times with 30 wt.% of phthalocyanine in them, whereas 
an improvement in the hardness is very dependent on the crosslink density of the polymeric 
matrix. While analyzing the mechanical responses of the rubbery coating – thermoplastic 
substrate systems, a S-shape behaviour in an effective elastic modulus versus relative 
indenter displacement plot (both axes on a logarithmic scale) was revealed. This behaviour is 
explained in terms of different phenomena, which define predominantly each 
distinguishable section in the plot. 
 

 

 

__________________________________________________________________________________________________ 
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6.1 Introduction 
 

Over the past decade, an increasing amount of research could be observed in the area of 
nanocomposites [1-6]. The interest of materials researchers has been particularly attracted to 
nanocomposite hybrid coatings. These materials are mixtures of (in)organic nanoparticles 
with polymeric matrices on a nano/micrometer scale, which are applied on various 
substrates. Nanocomposite hybrid coatings were already successfully applied on glass [7, 8], 
metal [9] and polymeric [10-13] carriers. They combine the flexibility and easy processing of 
polymers with improved mechanical properties, e.g. higher elastic modulus and hardness, 
better abrasion and scratching resistance, as compared to such properties of corresponding 
polymeric matrices. 
 

For various applications the mechanical properties of a coating are crucial. Therefore, 
awareness of the predominant phenomena that define the ultimate mechanical properties of 
complex materials, in particular of nanocomposite hybrid coatings, is very important. 
Unfortunately, at the moment no comprehensive knowledge is available in the literature on 
this issue, and a number of unanswered questions remains. E.g., “what is the influence of 
filler type and filler fraction on curing efficiency of crosslinkable polymeric matrices in 
nanocomposite hybrid coatings?” and “how large is the influence of a matrix itself on the 
ultimate mechanical properties of a nanocomposite?” 
 

Fortunately, in the past decade a load and depth sensing indentation technique (DSI), 
originally referred to as nanoindentation [14], has proven itself as a powerful tool to 
characterize several mechanical properties, e.g. elastic modulus and hardness of coatings [7, 
14-19] and has been broadly used for inorganic coatings for about ten years already [14, 17, 
20-22]. Recently, this technique also started to be used successfully for polymeric [13, 19, 23-
25] and nanocomposite hybrid coatings [7, 10, 15, 26]. 
 

Nontoxic phthalocyanine–epoxy nanocomposites are novel materials, which are expected to 
possess a good combination of electrical, optical and mechanical properties. To confirm these 
expectations, a significant amount of scientific work yet to be done. The mechanical 
properties of novel phthalocyanine–epoxy nanocomposite hybrid coatings deposited on 
polycarbonate substrates presented in this chapter are a part of the broad research on these 
materials. Effective elastic modulii and hardness of the coatings were evaluated by means of 
the load and depth sensing indentation technique with respect to filler fraction and crosslink 
density. 
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6.2 Experimental section 
 
6.2.1 Coating preparation 
 

Phthalocyanine {aquocyanophthalocyaninato cobalt (III)}, which was used as a filler material 
in the present work, was made in a form of powder according to the recipe provided by 
Brokken-Zijp et al. [27]. This phthalocyanine, which is also known as Phthalcon 11, had a 
particle size distribution ranging from 50 to 200 nm. The estimated material density of 
Phthalcon 11 is 1.65 g/cm3. The chemical structure of Phthalcon 11 is given in Fig. 6.1. Prior 
to embedding into polymeric matrices, the powder was ground in a mortar into a fine 
powder and then dried for 48 h at 80 °C under vacuum. The fine powder was dispersed in a 
solvent (m-cresol; Merck & Co. Inc., USA) under magnetic stirring (for one hour) and 
ultrasonically (for one hour). After that, the epoxy resin Epikote 828 (with a number average 
molecular weight Mn = 828, Resolution Nederland B.V., the Netherlands) and one of 
Jeffamine crosslinkers (Huntsman LLC, Belgium) were added to the formed suspension to 
obtain a coating mixture. Either Jeffamine 230 or Jeffamine 400 or Jeffamine 2000 was used 
(the number stands for the corresponding Mn of each polymer). In all cases the molecular 
ration between the amine crosslinker and Epikote 828 was kept at 1/2. The chemical 
structures of the epoxy resin and the amine crosslinker are given also in Fig. 6.1. The 
homogeneous coating mixture was obtained after additional magnetic stirring for 5 min. 
After this, the mixture was degassed ultrasonically (for 5 min) and casted on a polycarbonate  
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Fig. 6.1. Chemical structures of Phthalcon 11, Jeffamine crosslinker (Mn = 230, 400 and 2000 
corresponds to n ≈ 2.7, 5.6 and 33.2, respectively), Epikote 828 and the predominant curing reaction. 
 



Chapter 6 

 94 

substrate by means of a doctor blade applicator. The solvent was evaporated and a 
crosslinking reaction (Fig. 6.1) was initiated by heating the coating up to 100 °C under 
vacuum.  The coating was kept at these conditions for approximately 24 h for curing to be 
complete. 
 

Commercially available rectangular polycarbonate plates (polycarbonate of bisphenol A) of 
100 cm2 and 0.3 cm thick (G.E. Plastics, the Netherlands) were used as substrates. These 
thermoplastic substrates were used as received apart after removing the protective sheets. 
 

In total, twenty-one Phthalcon 11 – epoxy nanocomposite hybrid coatings and four blank 
epoxy coatings were prepared with different filler fraction and amine crosslinker in the way 
described above (see Table 6.1). The content of Phthalcon 11 was varied from 0 to 30 wt.% 
and three sets of coatings were prepared as representative for three crosslink densities 
analyzed in terms of a length of the polymeric chain between two amino groups (see ‘n’ in 
Fig. 6.1). In a later stage of the research, two rubbery blank epoxy coatings (coatings 26 and 
27 in Table 6.1) were prepared additionally, in order to cover a wide range of coating 
thickness. 
 

Due to agglomeration of the Phthalcon 11 primary particles, the coatings tended to lose their 
optical transparency as the filler content increased. With an increase in the filler fraction the 
coating showed an increasing intensity in the blue range of visual light. Initially, all coatings 
showed a good adhesion to the polycarbonate substrates, whereas after a few days of ageing 
at ambient atmosphere and room temperature the coatings with the filler content ≥ 20 wt.% 
started to delaminate. Optical microscopy was used to estimate the coating thickness hf, 
which was done through monitoring a cross–section of every specimen (Table 6.1), to 
visualize the final indents (see below) and to observe the coating morphology. 
 

6.2.2 Load and depth sensing indentation 
 

As was proposed by Oliver and Pharr [14], the effective (reduced) elastic modulus and 
hardness were determined from indentation data obtained during a complete cycle of 
loading and unloading for each coating (see Chapter 2). Since, the exact values of Poisson’s 
ratios for the Phthalcon 11 – epoxy nanocomposite hybrid coatings were unknown, all results 
regarding elastic properties of our coatings are presented in terms of effective elastic 
modulus values. 
 

The unloading stiffness, which was needed to assess the effective elastic modulus, was 
determined at an indentation displacement h  hmax from a polynomial function, which 
fitted 50 % of the unloading curve successfully. Indentation loads used ranged from 1 mN to 
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that, which gave displacement compliance in the apparatus. An indentation rate of 15 nm/s 
was used. 
 
Table 6.1. Phthalocyanine–epoxy nanocomposite hybrid coatings with their weight fraction of 
phthalocyanine Phthalcon 11, Jeffamine crosslinker (with a number average molecular weight Mn), 
effective elastic modulus Eeff, hardness H, and thickness hf. 
 

 Coating Phthalcon 11 
(wt.%) 

Mn of 
Jeffamine

Crosslinker

Eeff 
(GPa) 

H 
(MPa) 

hf 
(µm) 

1 0 230 5.61 304 57.8 
2 0 230 5.34 293 27.4 
3 2 230 5.90 329 42.7 
4 5 230 6.02 296 39.0 
5 8 230 6.50 366 35.4 
6 10 230 6.71 360 71.3 
7 15 230 7.11 366 48.8 
8 30 230 7.72 315 114.3 
9 30 230 8.33 350 39.0 

10 0 400 5.25 219 11.0 
11 2 400 5.88 251 29.3 
12 5 400 6.01 247 31.7 
13 7.5 400 5.73 243 31.7 
14 10 400 6.09 265 32.9 
15 15 400 6.31 265 32.3 
16 20 400 6.63 265 139.7 
17 30 400 7.21 310 111.1 
18 0 2000 0.0172 3.24 56.7 
19 2 2000 0.0140 3.30 198.4 
20 5 2000 0.0165 5.70 117.5 
21 7.5 2000 0.0173 4.50 104.8 
22 10 2000 0.0158 4.50 107.9 
23 15 2000 0.0185 3.80 166.7 
24 20 2000 0.0148 3.00 134.9 
25 30 2000 0.0175 3.90 177.8 
26 0 2000 - - ~ 1.0 
27 0 2000 - - 104.7 

 

Generally, in the case of a coating–substrate system, the measured E (or Eeff) and H values 
combine the mechanical properties of the coating and the underlying substrate if a broad 
range of loads is used. The DSI data appear then typically either as an exponential increase 
or as an exponential decrease in an Eeff (or H) versus relative indenter displacement hc/hf plot 
(see Section 2.4), where at hc/hf  0 the effective elastic modulus (or hardness) values are 
representative for the coating and at hc/hf > 1 the corresponding values are representative for 
the substrate [28, 29]. For the Phthalcon 11 – epoxy nanocomposite hybrid coatings, both 
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types of behaviour, i.e. an exponential increase and decrease, were observed, dependent on 
the crosslinker used. The first situation was valid for the glassy coatings formed with 
Jeffamine 230 (coatings 1 – 9 in Table 6.1) and Jeffamine 400 (coatings 10 – 17), whereas the 
second situation occurred for the rubbery coatings formed with Jeffamine 2000 (coatings 18 – 
25). 
 

Unfortunately, no obvious plateau-like steps at very shallow indenter displacements (hc/hf < 
0.1), which would significantly simplify the estimation of Eeff and H of the coatings, were 
observed in the Eeff (or H) vs. hc/hf plots for coatings 1 – 17. Therefore, a Gaussian function: 
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, where C1, C2, C3 and C4 are fitting parameters, x = hc/hf and y 

represents either Eeff or H, was used to fit the data (see Section 4.3.2), and the values obtained 
from the fitted curves for x = 0 were taken as the final Eeff and H values for the coatings 
(Table 6.1). As an example we provide the experimental data obtained for coating 7 for the 
effective elastic modulus versus relative indenter displacement in Fig. 6.2. 
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Fig. 6.2. Effective elastic modulus versus relative indenter displacement for coating 7. 
 

In the case of the Phthalcon 11 – epoxy coatings with Jeffamine 2000 (coatings 18 – 25 in 
Table 6.1), the dependences revealed in the Eeff (or H) vs. hc/hf plots appeared neither with a 
plateau-like steps at hc/hf < 0.1 nor as those, which can be fitted with the Gaussian function. 
As an example of such behaviour we provide the experimental Eeff vs. hc/hf data obtained for 
coating 22 in Fig. 6.3. In order to estimate the values representing the mechanical properties 
of coatings 18 – 25, linear fitting was performed to a few data points at the lowest hc/hf for 
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each of these coatings. The values obtained from an extrapolation of these linear fittings to 
zero (see the dashed line in Fig. 6.3) were taken as the effective elastic modulus and hardness 
values for coatings 18 – 25, respectively (Table 6.1). 
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Fig. 6.3. Effective elastic modulus versus relative indenter displacement for coating 22. The three 
fittings extrapolated to an axis of ordinates are the dashed line (1) representing a linear fit to first four 
data points at hc/hf < 0.08, the dotted line (2) representing a linear fit to three data point at 0.04 < hc/hf 
< 0.10, and the solid curve (3) representing a Gauss fit to the data point at hc/hf > 0.09. 
 

6.2.3 Differential scanning calorimetry 
 

In order to determine the glass transition temperature Tg of the blank epoxy coatings, a 
number of differential scanning calorimetry (DSC) measurements were performed using a 
Perkin-Elmer Pyris 1 differential scanning calorimeter. The measurements were carried our 
in dry nitrogen with a flow rate of 20 ml/min. Powder samples were prepared by scratching 
the coatings synthesized with the three different amine crosslinkers (coatings 1, 10 and 18 in 
Table 6.1, respectively) from underlying substrates. The samples were weighed on a 
microbalance and sealed in standard aluminum pans.  
 

The DSC scans were performed as follows. Initially, the block temperature was set at – 50 °C 
for the samples made of coatings 1 and 10, and at – 80 °C for the sample made of coating 18. 
Every sample was heated up to 140 °C and then cooled down back to the block temperature 
at a rate of 10 K/min. These heating and cooling scans were repeated in total three times. A 
good superimposition of the data for the second and third heating scans indicated that the 
thermomechanical history of the samples was erased while they were at temperatures above 
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their Tgs during first scans. The average half-step temperatures Tg,½ [30] obtained from the 
second and third heating scans for each sample were taken as Tg for the coatings.  
 

6.3 Results and discussion 
 

6.3.1 Differential scanning calorimetry 
 

The DSC experiments performed on the three blank epoxy coatings with different Jeffamine 
crosslinkers revealed that the glass transition temperature was approximately equal to 60, 36 
and to – 41 °C for coatings 1, 10 and 18, respectively (Table 6.1). In Fig. 6.4 the correlation 
between the length of the polymeric chain between two amino groups in the Jeffamine 
crosslinker and the glass transition temperature of the blank epoxy coatings is given. At 
room temperature coatings 1 and 10 appeared to be in the glassy state, whereas coating 18 is 
in the rubbery state. The fact, that only by changing the length of the polymeric chain in the 
Jeffamine crosslinker a rather broad Tg range for the epoxy coatings was achieved (~ 100 °C), 
provided us with a possibility to investigate the mechanical properties of the Phthalcon 11 – 
epoxy nanocomposite hybrid coatings in both the glassy and rubbery states at room 
temperature. The results of this study are reported below. Fortunately, none of the epoxy 
coatings had its Tg at room temperature (Fig. 6.4), since in that case interpretation of the DSI 
experiments could be problematic. 
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Fig. 6.4. Length of the polymeric chain between two amino groups in Jeffamine crosslinkers (in terms 
of n, see Fig. 6.1) versus the glass transition temperature of the blank epoxy coatings (coatings 1, 10 
and 18 in Table 6.1, respectively). The gray region indicates the room temperature range. 
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6.3.2 Glassy phthalocyanine–epoxy nanocomposite hybrid coatings 
 

The influence of the filler fraction on the mechanical properties of the glassy Phthalcon 11 – 
epoxy nanocomposite hybrid coatings is given in Figs. 6.5 and 6.6 for the effective elastic 
modulus and hardness, respectively. These are the same values as given in Table 6.1. The 
values of the effective elastic modulus and hardness of the blank epoxy coating with 
Jeffamine 230 (coatings 1 and 2) appears to be somewhat larger than the corresponding 
values for the blank epoxy coating prepared with Jeffamine 400 (coating 10). This is in line 
with the general expectation according to which an increase in crosslink density of a polymer 
should cause an increase in its elastic modulus [31] and hardness [32]. 
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Fig. 6.5. Effective elastic modulus of the Phthalcon 11 – epoxy hybrid coatings, which have a 
Jeffamine crosslinker with Mn = 230 and 400, respectively, versus wt.% of Phthalcon 11. 
 

With an increase in the Phthalcon 11 fraction in the glassy epoxy coatings, the apparent 
increase in the effective elastic modulus for both sets of the coatings (with Jeffamine 230 and 
with Jeffamine 400) can be observed in Fig. 6.5. The coatings filled with 30 wt.% of Phthalcon 
11 appeared to have the effective elastic modulus approximately 1.4 times higher than those 
of the blank epoxy coatings for both sets of the coatings, respectively (cf. coatings 1, 2 and 8, 
9 for Jeffamine 230, and coatings 10 and 17 for Jeffamine 400 in Table 6.1). 
 

It is remarkable that for the coatings with Jeffamine 230 (coatings 1 – 9 in Table 6.1), no clear 
increase in the hardness with increasing the filler fraction can be observed (Fig. 6.6). 
Although with a similar change of the filler fraction in the coatings with Jeffamine 400 
(coatings 10 – 17 in Table 6.1), an increase in the hardness as high as in 1.4 times can be seen. 
The possible reason for this difference might be the hardness of Phthalcon 11. 
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Hypothetically, one may assume that if the hardness of Phthalcon 11 is only insignificantly 
higher than the hardness of the blank epoxy coating with Jeffamine 230, this would imply 
that an improvement in the hardness for the corresponding nanocomposite coatings due to 
the filler presence is marginal. Unfortunately, an exact value of hardness for Phthalcon 11 is 
unknown to us and, therefore, the above given assumption cannot be proven at this stage. 
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Fig. 6.6. Hardness of the Phthalcon 11 – epoxy hybrid coatings, which have a Jeffamine crosslinker 
with Mn = 230 and 400, respectively, versus wt.% of Phthalcon 11. 
 

A number of other factors may also play a defining role in the mechanical properties of our 
coatings. These factors are curing efficiency and its homogeneity throughout the coating 
thickness, diffusion of the chemical products formed at the interface into the coating during 
the curing process, etc. More detailed research regarding these issues will be carried out. 
 

6.3.3 Rubbery phthalocyanine–epoxy nanocomposite hybrid coatings 
 

The effective elastic modulus and hardness values measured for the rubbery Phthalcon 11 – 
epoxy nanocomposite hybrid coatings are given in Fig. 6.7 and Table 6.1. The magnitudes for 
the effective elastic modulus of these coatings happened to be much lower (by 300 – 450 
times) than the magnitudes of the glassy coatings (Fig. 6.5). Such large difference in elastic 
response between glassy and rubbery polymers is well known and can be quite simply 
observed during dynamic mechanical thermal analysis.  As one can see in Fig. 6.7, each of 
the mechanical properties appears as a scatter-like trend with respect to the filler content. 
This observation is rather surprising, since due to a significant difference in the mechanical 
properties between Phthalcon 11 and the rubbery blank epoxy coating, a well-pronounced 
increase in Eeff and H could be expected, but somehow did not occur. 
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A closer look at the original Eeff (or H) versus hc/hf data for the rubbery Phthalcon 11 – epoxy 
coatings (coatings 18 – 25 in Table 6.1) revealed that depending on the (relative) indenter 
displacement quite different results for the mechanical properties of each coating could be 
obtained. E.g., if for coating 22 the effective elastic modulus was measured only for hc/hf > 
0.09 (meaning that other data points are unknown) then one could fit such Eeff vs. hc/hf 
dependence with the Gaussian function successfully and then obtain Eeff for the coating 
equal to ~ 9.6 MPa (see the solid curve in Fig. 6.3). However, if a linear fit is performed to the 
data points at hc/hf < 0.08, as was discussed earlier, then Eeff of coating 22 can be estimated as 
high as ~ 15.8 MPa (see the dashed line in Fig. 6.3). Other values for Eeff for this coating can 
be also obtained, for example, if a number of data points at the lowest hc/hf is missing. See 
the dotted line in Fig. 6.3 as an example, which is a linear fit to the data points at 0.04 < hc/hf 
< 0.10 (the two data points at hc/hf < 0.04 were neglected during this fit for the 
demonstration). Hence, the Eeff values estimated for coating 22, as well as for the others 
rubbery coatings, are significantly dependent on the relative indenter displacement and can 
vary by ~ 65 % for this coating. Everything said above is applicable for the hardness 
estimations as well. 
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Fig. 6.7. Effective elastic modulus and hardness of the Phthalcon 11 – epoxy hybrid coatings, which 
have a Jeffamine crosslinker with Mn = 2000, versus wt.% of Phthalcon 11. 
 

6.3.4 The S-shape behaviour 
 

In order to get a full picture about how the effective elastic modulus and hardness of a 
rubbery coating – thermoplastic substrate system change with respect to the relative indenter 
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displacement, two additional rubbery blank epoxy coatings with different thickness 
(coatings 26 and 27 in Table 6.1) were prepared and then analysed by means of DSI. The 
results obtained for Eeff of coatings 1, 26 and 27, which altogether cover a significant range of 
the coating thickness (Table 6.1), are given in Fig. 6.8. The results obtained for H of these 
coating–substrate systems show a similar but less clear dependence with a larger scatter in 
the data points. 
 

As one can see in Fig. 6.8, the Eeff vs. hc/hf dependence (both axes on a logarithmic scale) 
appeared as a sigmoidal (S-shape) curve. This curve can be subdivided roughly in five 
sections: a – e as indicated in the figure. The Eeff vs. hc/hf dependence in every section seems 
to be determined predominantly by different factors. The decrease in Eeff with an increase in 
hc/hf in section a can be explained by creep in the coating upon DSI experiments, since for 
performing an indentation with a larger indenter displacement in a displacement-controlled 
mode, a longer period of time is required. Thus, the longer indentation time provides a 
longer time for material to creep. 

0.1 1 10
0.01

0.1

1
 

 

edcba

E ef
f (

G
Pa

)

hc/hf (µm/µm)
 

Fig. 6.8. Effective elastic modulus of the blank epoxy coatings, which have a Jeffamine crosslinker 
with Mn = 2000, versus relative indenter displacement (coatings 18, 26 and 27 in Table 6.1). The 
behaviour in the marked sections are largely determined by creep in a coating (a), creep in the 
coating compensated by influence of a substrate (b), influence of the substrate (c), influence of the 
substrate compensated by creep in the substrate (d), creep in the substrate (e). 
 

Moreover, as known already from the literature, at a particular indenter displacement the 
underlying substrate start to influence the indentation process, and upon a further indenter 
displacement this influence increases [29]. Thus, the abrupt growth in Eeff in section c can be 
adequately explained by the substrate influence. If everything said above is appropriate, 
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then one can expect that there should be a region in the Eeff vs. hc/hf plot where 
counteracting creep in the coating and the influence of the substrate compensate each other. 
It is believed that this very region is seen in section b as the plateau in Fig. 6.8. 
 

By analogy with the behaviour in section a, the behaviour observed in section e can be 
explained by creep in the polymeric substrate. Apparently, the behaviour in section d can be 
explained then by compensation between two counteracting phenomena: the influence of the 
substrate in the coating–substrate system and creep in the substrate. 
 

6.4 Conclusions 
 

The mechanical properties of novel glassy and rubbery phthalocyanine–epoxy 
nanocomposite hybrid coatings deposited on polycarbonate substrates were reported. The 
effective elastic modulus and hardness of these coatings were evaluated by means of the load 
and depth sensing indentation technique with respect to filler fraction and crosslink density. 
It was shown that the effective elastic modulus of the glassy epoxy coatings could be 
increased by ~ 1.3 – 1.5 times with 30 wt.% of phthalocyanine, whereas the improvement in 
hardness is highly dependent on the crosslink density of the polymeric matrix. 
 

While analyzing the mechanical responses of the rubbery coating – thermoplastic substrate 
systems, a S-shape behaviour in an effective elastic modulus versus relative indenter 
displacement plot (both axes on a logarithmic scale) was revealed. Such behaviour was 
explained in terms of the different phenomena, which define predominantly each 
distinguishable section in the plot. 
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SUBSURFACE CRACKING DURING INDENTATION 

ON NANOCOPOSITE HYBRID COATINGS ON POLYCARBONATE ¤ 
 

_________________________________________________________________________________________ 

 

 

 

 

 

Synopsis 
 

Subsurface cracking after depth sensing and Vickers indentation on transparent silica–
(meth)acrylate nanocomposite hybrid coatings deposited on a polycarbonate substrate was 
observed for the first time. It appeared that after initiation at the interface, these cracks 
propagated towards the surface and in radial directions as the indentation load increased. It 
was found that for chemically identical coatings, the thicker the coating, the higher load 
necessary to initiate these cracks. Subsurface cracks formed during depth sensing 
indentation occur at lower loads than the normally observed surface cracks and are 
accompanied by a very small change in the slope of the loading curve. 
 

 

 

 

 

 
_________________________________________________________________________________________ 
¤ The contents of this chapter have been published as a paper: 
V.A. Soloukhin, J.C.M. Brokken-Zijp and G. de With, J. Mater. Res. 18 (2003) 507–514. 
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7.1 Introduction 
 

Nowadays load and depth sensing indentation (DSI) or nanoindentation [1] receives an 
increasing interest from material scientists. It has been shown that DSI is an attractive 
technique to evaluate mechanical properties of treated surfaces, thin films and thick coatings. 
Among its advantages the technique has a nano/micro scale of measurement, a simple 
sample preparation and provides detailed load–displacement data for the whole indentation 
process. 
 

For a coating–substrate system during indentation various types of mechanical failure may 
occur, i.e. in the coating, in the substrate and/or in the interface. All failures typically result 
in particular changes in the loading or/and unloading curve. 
 

As was reported earlier failures such as radial and annular cracking at the surface are 
accompanied by a small discontinuity [2-5], which changes the slope of the loading curve [6-
8], as well as by more significant abrupt changes in the loading curve [8]. Furthermore, radial 
[9] and annular [5] cracking formed upon unloading was also reported. It was observed that 
both pop-in into a specimen [10-14] (also referred to as ‘excursion’ [15, 16]) and pop-out [12, 
13] result in a discontinuity in the loading and unloading curve, respectively. Prolonged 
indenter contact at a fixed load, i.e. creep, also leaves its ‘fingerprint’ on the load–
displacement curves [17-21]. 
 

Normal delamination, which has been earlier shown to be present experimentally [22, 23] as 
well as theoretically [24, 25], occurs when a circular part of the coating, directly under the 
contact area, is lifted up from the substrate or from the part of the coating. This results 
typically in a change in the unloading curve at a negligible residual indentation depth. For 
bulk material a similar type of fracture was referred to as lateral cracking [9]. 
 

In most of the cases any of the above-mentioned and other possible failures, which may 
occur during the use of a film/coating or a treated upper layer of a bulk material, is highly 
unwanted. Thus, a thorough understanding of all possible changes, which can be observed 
in the load–displacement curves and their reliable decoding are of great importance for the 
proper characterization of mechanical properties of any material. 
 

We used DSI in a combination with conventional Vickers hardness testing for transparent 
silica–(meth)acrylate nanocomposite hybrid coatings on a polycarbonate substrate. 
Subsurface cracks formed during indentations were optically observed for the first time at a 
polymer – polymer interface in the case of crosslinked coatings on a thermoplastic substrate. 
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Evidence for the corresponding crack formation was found in the loading curve after load 
and depth sensing indentation. The results of both studies are presented in this chapter. 
 

7.2 Experimental section 
 

7.2.1 Silica–(meth)acrylate nanocomposite hybrid coatings  
 

Organic/inorganic nanocomposite hybrid crosslinked coatings consisting of polymeric 
(meth)acrylate matrices containing grafted nano-sized (5 – 15 nm) silica inorganic particles 
were applied on polycarbonate substrates by means of a doctor blade applicator. A detailed 
description of the preparation of the coatings is reported elsewhere [26, 27]. Commercially 
available rectangular polycarbonate plates (bisphenol A polycarbonate) of 100 cm2 and 0.2 
cm thick (G.E. Plastics, the Netherlands) were used as substrates.  The substrates were used 
 

Table 7.1. Transparent silica–(meth)acrylate nanocomposite hybrid coatings with their chemical 
compositions, thickness hf, and lowest loads at which surface or/and subsurface crack(s) were 
observed. 
 

 Chemical composition  Lowest load forming the crack (N) 
  Silica  Organic matrix a   hf Surface    Subsurface  

Coating  (vol.%)  (µm)   Radial  Annular    Radial 
   1 20 IBMA / HDDA = 1 / 3 68.9 none none  none 
   2 20 IBMA / HDDA = 1 / 3 56.1 none none b  20.0 
   3 20 IBMA / HDDA = 1 / 3 54.0 none none  10.0 
  4 20 IBMA / HDDA = 1 / 3 43.4 none none    1.0 
   5 20 IBMA / HDDA = 1 / 3 26.6 none none    0.8 
   6 10 IBMA / HDDA = 1 / 3 70.0 none none  none 
   7 30 IBMA / HDDA = 1 / 3 70.0 20.0 20.0  10.0 
  8 10 TMPTA 40.8 10.0 20.0    5.0 
   9 10 TMPTA / HDDA = 1 / 1 43.4 20.0 none  * d 
 10 10 HEMA 33.2   3.0   3.0  * 
 11 10 HEMA / HDDA = 1 / 1 35.7 none none  none 
 12 40 TMPTA 28.1   0.8    - c  * 
 13 40 TMPTA / HDDA = 1 / 1 26.8   0.8    -  * 
 14 40 HEMA 20.4   0.8    -  * 
 15 40 HEMA / HDDA = 1 / 1 26.8   0.8    -  * 
 
a  IBMA – isobornyl methacrylate, HDDA – 1, 6 hexanediol diacrylate, TMPTA – trimethylolpropane 

triacrylate, HEMA – 2 hydroxyethyl methacrylate. 
b  In Fig. 7.7 (a) surface annular cracks in coating 2 can be observed (for a load of 20 N) after a year of 

ageing. 
c  Hyphen means that for these coatings only load and depth sensing indentations were performed 

and after them none annular cracks were formed. 
d  Asterisk means that because of the surface crack(s) the possible subsurface cracks could not be seen 

and for the lower loads they were not observed. 
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as received apart from removing the protective sheets. The silica–(meth)acrylate 
nanocomposite hybrid coatings, their thickness, and the lowest loads, at which surface 
or/and subsurface cracks were observed, are listed in Table 7.1 (see also this table for the 
abbreviations of the compounds used). The coatings showed a good optical transparency 
with transmission increasing from 83 to 98 % over the visible 400 – 650 nm region, and a 
good adhesion to the polycarbonate substrate. 
 

The thickness of the coatings was measured by means of optical microscopy after the 
mechanical tests through monitoring a cross–section of each sample. All coatings had a 
thickness hf in a range of 25 – 70 µm. 
 

7.2.2 Devices used for indentations 
 

Indentation experiments were carried out at room temperature and ambient atmosphere 
using a load and depth sensing indentation apparatus and a conventional Vickers hardness 
tester. The DSI apparatus, which was constructed in the Central Workshop TU/e and used in 
this work, is shown in Fig. 2.4. Load and depth sensing indentations with 18 – 20 different 
loads in the loading range of 1.0 µN to 1.0 N with an indentation rate of 10 nm/s were 
performed in this work. A Leitz Miniload 2 Vickers hardness tester (Leitz Wetzlar, Germany) 
was used to perform indentations with higher loads. Loads of 3, 5, 10 and 20 N were used. 
 

7.2.3 Sample preparation for indentations and morphological studies 
 

A square sample (~ 1 × 1 cm2) was cut of each plate with a coating by means of a sawing 
machine and was glued to an aluminium holder, and then placed into the load and depth 
sensing indentation apparatus for nanoindentation measurements. Afterwards it was 
subjected for further indentations using the Vickers hardness tester. 
 

One sample (~ 1 × 4 cm2) was cut of the plate with coating 2 (Table 7.1) for a series of ten 
indentations using the Vickers hardness tester with a load of 20 N. The indents were located 
in a row perpendicularly to the long side of the sample. Optical observation of the indents 
revealed that 8 of the 10 indents had cracks under the surface. By sawing the sample was 
separated along one side of these ten indents. The center of the indents was reached by 
means of dry grinding (sandpaper P1200). This permitted the observation of the surface as 
well as the coating–substrate cross–section of the remaining half of these indents. The 
geometry of the introduced cracks was checked during and after the mechanical processing 
and no changes was observed. After grinding the sample was blown off by an air gun to 
remove the debris formed. 
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Optical microscopy with a highest magnification of 785 times was used as the main tool for 
the visualization of the final indents, the cracks formed and the delamination.  
 

Additionally, a confocal microscope (Zeiss LSM 510) operated in reflective (laser), 
fluorescent (laser) and transmission (light) mode was used. Unfortunately, it appeared that 
the material did not give a fluorescent response. However, with the transmission mode the 
subsurface cracks were observed at different depths. 
 

7.3 Results and discussion 
 

The elastic modulii and hardness of the transparent silica–(meth)acrylate nanocomposite 
hybrid coatings were discussed elsewhere [26, 27], wherein load and depth sensing 
indentation data without cracks observed were used. Depth sensing and Vickers 
indentations, which caused surface and subsurface cracking, are presented here. 
 

Three different types of cracks were observed: radial and annular surface cracks, and radial 
subsurface cracks. The occurrence of these cracks is dependent on the load used, the coating 
thickness, the matrix, the amount of filler and the ageing of the coating. We discuss the 
generally observed surface cracks first and thereafter we deal with the subsurface cracks. 

 

7.3.1 Analysis of the surface cracks formed 
 

In all cases, when radial surface cracks were formed (Table 7.1) during load and depth 
sensing indentations (loads ≥ 0.8 N), a corresponding change in the load–displacement 
curves was observed. Typically, every crack formed on the surface resulted in an abrupt 
drop in the loading curve with a further gradual continuation up to the maximum load. A 
typical optical image of the observed radial cracks on the surface after load and depth 
sensing indentation is shown in Fig. 7.1 (coating 12; 1 N). The corresponding load–
displacement curves with an abrupt change in the loading curve are given in Fig. 7.2. 
 

It appeared that by increasing the volume fraction of silica particles in the organic matrix 
from 10 to 40 vol.% (coatings 8 – 11 and 12 – 15, respectively) the coatings became more 
brittle. All coatings with 40 vol.% of silica cracked in radial directions after a load of 0.8 N 
and higher (Table 7.1). No large effect of the variation in crosslink density on crack formation 
was found for the loads used. 
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Fig. 7.1. Image of radial surface cracks on coating 12 after load and depth sensing indentation with a 
load of 1 N.  
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Fig. 7.2. Load–displacement curves for load and depth sensing indentation with a load of 1 N on 
coating 12. 
 

It also can be noticed that with a decrease of crosslink density, the brittleness of the coatings 
decreases, e.g. for coatings 8 and 9 (see corresponding surface radial and annular cracks in 
Table 7.1), where the pure TMPTA matrix is expected to be higher crosslinked than 
TMPTA/HDDA mixture due to the higher functionality of the starting monomers. 
 

Finally, it is worth mentioning that the final mechanical properties of nanocomposite hybrid 
coatings are defined by various parameters, i.e. filler content, filler size, filler geometry, 
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crosslink density, Tg, chemical composition, etc. in a complex way, as was previously 
reported [26, 27]. 
 

7.3.2 Analysis of the subsurface cracks formed 
 

Appearance of the subsurface cracks. In a number of cases, radial cracks under the surface 
(subsurface cracks) were observed (coatings 2 – 5). Optical microscopy with a low 
magnification revealed the cracks, which initially seemed to be located on the surface. But 
after analysing, it was found that the surface of the indents was free of cracks, as shown in 
Figs. 7.3a and 7.3c for coatings 5 and 3, respectively. Due to the good optical transparency of 
the coatings further refocusing the optical microscope under the surface was possible. Using 
polarized light to enhance the visibility, the cracks vividly reappeared somewhere below the 
surface, as shown in Figs. 7.3b and 7.3d for coatings 5 and 3, respectively. Note, that the 
images of the imprints given in Figs. 7.3a, 7.3b and Figs. 7.4c, 7.4d correspond to the 
indentations made with a Berkovich and Vickers indenter, respectively. 
 

Furthermore, it was found that the initiation of the subsurface cracks is dependent on the 
coating thickness (Table 7.1, coating 1 – 5). The thicker the coating, the higher the load is 
needed to initiate a radial subsurface crack (coatings 1 – 5). An indication for an effect of 
filler content was also found: the higher the silica content, the lower indentation load is 
needed to form such cracks (coatings 1, 6 and 7) for the coatings with a constant coating 
thickness. For the coatings with the filler content below 40 vol.%, the subsurface cracks have 
a tendency to occur at considerably lower loads than the surface ones. 
 

It was observed that a higher load causes further propagation of subsurface cracks in radial 
directions. This phenomenon was valid for coatings 3 – 5. In a case of coatings 7, 8 and 12 – 
15 such a trend was also expected, but for these coatings the surface cracks formed provided 
an obstacle for a proper estimation. 
 

In almost all cases the subsurface cracks propagated radially. Only in the case of coating 8 
the cracks had a complex orientation, but still their behaviour was closer to radial than to 
annular (see Fig. 7.4 for an example). 
 

The brittleness of the polycarbonate surface layer might be enhanced by n-propanol, which 
initially was presented in each coating mixture during the coating preparation [26, 27]. This 
might cause interfacial failures for the silica–(meth)acrylate nanocomposite hybrid coatings, 
as more vulnerable regions  for cracking in the coating–substrate system are introduced. 
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Fig. 7.3. Optical images at the surface (a) and under the surface (b) obtained after an indentation with 
a Berkovich tip (three-sided pyramid) on coating 5 (hf = 26.6 µm; 1 N). Optical images at the surface 
(c) and under the surface (d) obtained after an indentation with a Vickers tip (four-sided pyramid) on 
coating 3 (hf = 54.0 µm; 10 N). 
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Fig. 7.4. Optical images of a Vickers indent with a load of 5 N on coating 8, ((a) – on the surface, (b) – 
under the surface). 
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Separately conducted indentation experiments on a polycarbonate substrate without a 
coating but with a solvent did not reveal any crack formation, though. 
 

Moreover, experiments performed on coating 2 indicated that for the silica–(meth)acrylate 
nanocomposite hybrid coatings subsurface cracks can be initiated with a high probability 
because under similar experimental conditions 8 of the 10 Vickers indentations resulted in 
subsurface cracking. The variation found was, probably, due to a minor inhomogeneity in 
composition on the positions where cracks originated. Remember that we are dealing with a 
nanocomposite hybrid material, although, as was reported earlier, in general, the silica–
(meth)acrylate nanocomposite hybrid coatings were homogeneous on a scale of about 100 × 
100 µm2 [26, 27]. 
 

No delamination of the silica–(meth)acrylate nanocomposite hybrid coatings was noticed 
and no features in the unloading curves typical for normal delamination were revealed. 
 

Response of the subsurface cracking on the load–displacement curves. For coatings 4 and 5 
morphological data of the cracks formed under the surface can be combined with load–
displacement data. Analysis of the load–displacement curves highlighted minor changes in 
the loading curves. One of these curves is represented in Fig. 7.5 for coating 5 after DSI with 
a load of 1 N. The change, which initially can be barely seen, is a very slight deviation in the 
slope of the loading curve at about 795 mN. After magnifying the loading curve this change 
becomes more obvious (see Fig. 7.5). 
 

To clarify any minor change in the load–displacement curve, various representations are 
possible, e.g. depicting the curves in new coordinates, such as P/h2 – h2 and, using various 
levels of smoothing, dP/dh2 – h2 [28] or dP/dh – h [29]. In our case for clarifying the observed 
feature the representations: P/h – h and P/h2 – h2 were employed. The result obtained using 
P/h2 – h2 representation for the loading curve is shown in Fig. 7.6. As can be seen from this 
figure, the transformation reveals the presence of irregularities in the loading curve more 
clearly. 
 

Therefore, even in a case of an absence of any surface cracks, a thorough examination of the 
load–displacement curves is still very valuable, as it is able to indicate a failure, which might 
occur under the surface. 
 

Location of the subsurface cracks. In an attempt to observe the subsurface cracks from a 
cross–section, a sample of the plate with coating 2 was made as described in Section 7.2.3. 
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Fig. 7.5. Load–displacement curves for load and depth sensing indentation with a load of 1 N on 
coating 5 with an evidence of the subsurface crack. 
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Fig. 7.6. The P/h2 – h2 loading curve for load and depth sensing indentation with a load of 1 N on 
coating 5 with an evidence of the subsurface crack. 
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Fig. 7.7. Optical images obtained for coating 2 (hf = 56.1 µm) after a Vickers indentation with a load of 
20 N, ((a) – on the surface, (b) – under the surface, (c) – a coating–substrate cross–section, * - after 
grinding chips, which can be used as a reference). 
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Step-by-step grinding and blowing off debris formed by an air gun in a combination with 
optical observations revealed the location of the cracks. Corresponding optical observations 
for one of the investigated cracks are represented in Figs. 7.7a and 7.7b as surface and 
subsurface images of the remaining half of the Vickers indent, respectively. Fig. 7.7c 
represents the coating–substrate cross–section in a polarized mode for the same crack. In this 
figure it can be seen that one end of the crack touches the interface and the second ends 
somewhere in the coating. Moreover, it was observed that the end of the crack near the 
interface is broader than the other one. A comparison of the distances between the crack and 
chips formed during grinding (marked with an asterisk) made it possible to identify the 
indent for all three images. Based on Fig. 7.7c and other observations performed on this 
sample, a schematic drawing of a typical subsurface crack was made (Fig. 7.8). 

 

hf 
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subsurface crack

indent profile 

interface 

surface 

surface crack 

 

 

Fig. 7.8. Schematic drawing of a typical subsurface crack. 

 

It is believed that, though no in situ observation of subsurface cracking was performed, the 
subsurface cracks in the silica–(meth)acrylate nanocomposite hybrid coatings were initiated 
in a similar way as median cracks [9, 30] at the interface where localized stresses exceeded a 
crack initiation threshold in the coating–substrate system. Contrary to median cracks, upon 
loading the subsurface cracks started to propagate upward to the contact point with the 
indenter along the axial direction, thereby remaining near orthogonal to a major tensile 
component. The propagation is thus different from a median crack propagation, which 
typically proceeds straight downward along the axial direction [30]. Upon loading the 
subsurface cracks propagated also in radial directions through the coatings. It is conceivable 
that, when a sufficient load is applied the subsurface cracks might began to ‘break through’ 
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the surface transforming into half-penny cracks, similarly to the median crack development 
in brittle solids as reported by Lawn and Fuller [31]. 
 

7.4 Conclusions 
 

Subsurface cracking was observed for the first time at a polymer – polymer interface after 
depth sensing and Vickers indentation on transparent silica–(meth)acrylate nanocomposite 
hybrid coatings deposited on a polycarbonate substrate. It appeared that after initiation at 
the interface these cracks propagated towards the surface and in radial directions as an 
indentation load increased. At higher loads also (radial and annular) surface cracks appear. 
 

Subsurface cracks formed during load and depth sensing indentation were accompanied by 
a very small change in the slope of the loading curve, which barely can be seen in an original 
P – h plot, but can be made clearly visible by means of modified representation of data. It 
was found that for chemically identical coatings but with increasing coating thickness an 
increasing load is needed to initiate the subsurface cracks. 
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ELECTRICAL PROPERTIES OF ATO–ACRYLATE 

NANOCOMPOSITE HYBRID COATINGS ON POLYCARBONATE: 

EXPERIMENTAL RESULTS AND MODELING ¤ 
 

_________________________________________________________________________________________ 

 

 

 

 

Synopsis 
 

The electrical properties of antimony-doped tin oxide (ATO) – acrylate nanocomposite 
hybrid coatings deposited on polycarbonate substrates are reported.  The volume 
conductivity of the coatings is analyzed with respect to filler fraction and degree of surface 
grafting of ATO particles. An insulator to dissipator transition at very low filler fractions, i.e. 
1 – 2 vol.% of ATO particles, is observed. A modified effective medium approximation 
(EMA) model, which takes into consideration different types of contacts in particle networks, 
is introduced. The modified EMA model is capable to explain the conductivity dependences 
observed for the ATO–acrylate nanocomposite hybrid coatings successfully, and is expected 
to be applicable for other practical composite systems. 
 

 

 

 

 

__________________________________________________________________________________________________ 

¤ The contents of this chapter have been submitted to ChemPhysChem. 
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8.1 Introduction 
 

Over the past two decades, electrically conducting composite materials have received 
considerable attention from materials scientists and have occupied already a significant 
segment in the market of performance materials [1-7]. Composite materials typically consist 
of a conducting filler and an insulating, e.g. polymeric, matrix. Carbon black [5, 6, 8-17], 
graphite [12, 15, 18, 19], various metals [12, 20-22] and conducting polymers [1-4, 23, 24] have 
been already used as a filler material in different geometrical forms, such as particles, fibers 
and flakes [1-7, 24]. Because of their electrical as well as thermomechanical and optical 
properties the composite materials find their application in various fields ranging from 
permanent antistatic materials to electromagnetic interference shielding applications [1-4, 25-
27]. 
 

The conductivity of a simple two-phase composite depends on a number of parameters: 
conductivity of each phase, filler fraction, shape, size and spatial distribution of the filler, etc. 
A few models are available and used to describe the conductivity of two-phase composites. 
They are the percolation theory [28-30], the effective medium approximation (EMA) 
originally proposed by Bruggeman [31] and Landauer [32], and the general effective media 
(GEM), which is a combination of the first two and was proposed by McLachlan et al. [33]. 
 

Unfortunately, these models can be used for composites with certain morphologies only. In 
particular, they cannot explain a multiple transition behaviour in a log σ – p plot (σ and p 
stand for conductivity of a composite and filler fraction, respectively), which was reported in 
the literature [10-13, 19, 22, 34] and was found in the course of this research. Furthermore, 
volume conductivity values of a conducting filler σc, such as carbon black with σc ≈ 102 S/cm 
[8], are typically far away from the maximum volume conductivity values achieved in the 
composites using such filler [5, 6, 10, 11, 13, 14, 17], though, according to the models 
available the conductivity values should be approximately equal once a percolation 
threshold is passed. 
 

The present chapter deals with the electrical properties of ATO–acrylate nanocomposite 
hybrid coatings deposited on a polycarbonate substrate. The volume conductivity of these 
nanocomposite coatings is analyzed with respect to filler fraction and degree of grafting of 
the ATO particles. A modified EMA model is introduced, which takes into consideration 
different types of contacts in particle networks. The model is capable to fit successfully the 
conductivity dependences observed for the ATO–acrylate nanocomposite hybrid coatings 
with respect to filler fraction and different coverage of the particles by insulating shells. 
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8.2 Experimental section 
 

8.2.1 Coating preparation 
 

The grafted nano-sized antimony doped tin oxide (ATO) particles were prepared from ATO 
nanoparticles and 3-methacryloxy-propyl-trimethoxy-silane (MPS). The ATO nanoparticles 
were purchased as dispersion in water with a neutral pH and a solid content of 12 wt.% 
(with a doping level of 16 mol.%) from LWB-Eindhoven (the Netherlands). A MPS silane-
coupling agent was purchased from ABCR (USA). 
 

Here we describe briefly a modification of the ATO particles and refer to the work done by 
Posthumus et al. [35] for more details. The surface modification of the ATO particles was 
needed in order to improve dispersability of the nanoparticles in organic media. The ATO 
particles were grafted with different amounts of the silane-coupling agent, ranging in a 
MPS/ATO ratio from 0.04 to 0.34 (g/g). Coverage of the ATO particles with respect to the 
MPS/ATO ratio is shown schematically in Fig. 8.1, where a saturated state of coverage at 
approximately MPS/ATO = 0.1 is reached. The corresponding coverage value found, i.e. 
approximately 2 µmol of MPS per square meter of the surface of the ATO particles, is about 
60 % of the amount needed for a closed monolayer. 
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Fig. 8.1. Schematic representation of the coverage of the spherical ATO nanoparticles embedded into 
the acrylic matrix with respect to the MPS/ATO ratio. 
 

After the surface modification, the ATO particles were mixed with a commercially available 
acrylic mixture (Ebecryl 745; UCB, Belgium), a photoinitiator 2-hydroxy-2-methyl-1-phenyl-
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propan-1-one (Aldrich) and a solvent (n-propanol). After applying the produced mixture on 
polycarbonate substrates, the solvent was evaporated and a radical reaction was triggered by 
UV irradiation (1000–1100 mJ/cm2) under nitrogen atmosphere. This caused the crosslinking 
of the acrylic monomers and led to the final ATO–acrylate nanocomposite hybrid coatings. 
Application was done by means of a doctor blade applicator and resulted in a coating 
thickness ranging from 5 to 25 µm after curing. The thickness of the coatings was measured 
by means of optical microscopy prior to the electrical measurements through monitoring a 
cross–section of every sample. Commercially available rectangular polycarbonate plates 
(G.E. Plastics, the Netherlands) were used as substrates. The substrates were used as 
received apart after removing the protective sheets. 
 

Due to the small ATO particle size, which was approximately 7 nm in diameter (Fig. 8.2), the 
coatings exhibited very limited light scattering. They appeared to be bluish and had a good 
optical transparency. 
 
8.2.2 Electrical conductivity measurements 
 

Electrical conductivity measurements were carried out using the four-point probe 
measurement technique [36, 37]. Prior to the measurements, four parallel traces of silver 
adhesive (silver conductive adhesive 416, EMS, USA) were applied on each coating in order 
to decrease the contact resistance between the electrodes and the coatings. These traces had a 
length of one cm and were located one cm from each other. In order to perform a 
measurement a direct current was supplied by a high voltage source (KEITHLEY 237 high 
voltage source measure unit, internal impedance ≈ 1014 Ω) to the two outer electrodes, and 
voltage drop between the two inner electrodes was measured by a high resistance meter 
(KEITHLEY 6517A electrometer/high resistance meter, internal impedance ≈ 1015 Ω). The 
volume conductivity of the ATO–acrylate nanocomposite hybrid coatings was calculated as 
 









=

m

s

f

ln
V
I

hπ
σ 2 , (8.1) 

 

where hf – coating (film) thickness, Is – sourced current and Vm – measured voltage, 
respectively [36, 38]. A volume conductivity lower than 10–9 S/cm could not be measured 
reliably with our measuring unit. 
 



Electrical properties of ATO–acrylate nanocomposite hybrid coatings 

 123

 
Fig. 8.2. TEM image of an ATO–acrylate nanocomposite hybrid coating with 1 vol.% of ATO 
nanoparticles and the MPS/ATO ratio equal to 0.34 g/g. 
 

8.2.3 TEM measurements 
 

Transmission electron microscopy was used in order to see the morphology of the ATO–
acrylate nanocomposite hybrid coatings and to estimate size of the particles. A few thin 
cross–sectional cuts were prepared at room temperature using a Reichert-Jung Ultracut E 
microtom. For TEM investigations the cross–sections were transferred on conventional Cu 
grids. TEM-work was performed using a Jeol 2000FX operated at 80 kV in order to enhance 
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the contrast between the polymer matrices and the ATO nanoparticles. One of the TEM 
images obtained for an ATO–acrylate coating with 1.0 vol.% of the ATO nanoparticles and 
the MPS/ATO ratio equal to 0.34 is given in Fig. 8.2, where an evidence of particle clustering 
and a primary particle size of ~ 7 nm can be seen. The volume conductivity of this coating 
was lower than 10–9 S/cm. 
 

8.3 Results and discussion 
 

8.3.1 The modified EMA model 
 

In the effective medium approximation (EMA) model the dependence of conductivity on 
filler fraction of the conducting phase (spherical particles in our case) is obtained by dividing 
the composite material into a number of imaginary space filling polyhedra. These polyhedra 
are occupied with either the conducting filler or with the insulating matrix, and their 
conductivities are equal to those of the corresponding phases [31, 32, 39, 40]. 
 

If the local conductivities within the composite are distributed according to some 
distribution function p(σ), the effective conductivity σeff of a composite within the EMA 
model is given by [41] 
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where z is the coordination number of the imaginary polyhedron. In case of a two-phase 
(conductor–insulator) system with simple cubic like arrangement, i.e. z = 6, Eq. (8.2) 
transforms into 
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where σc and σi are the conductivity of the conducting and insulating phase, respectively, 
with the corresponding  relative volume fractions p and 1 – p [39, 41]. 
 

The conductivity behaviour of a two-phase composite as predicted by EMA can be easily 
understood. At low volume fraction of the conducting phase (particles), the effective 
conductivity tends to that of the insulating phase σi because of the low probability for 
conducting particles to create continuous contacts. At high volume fraction, the effective 
conductivity equals that of the conducting phase σc due to the formation of an infinite 
conducting network (or an infinite conducting cluster [21]) consisting of a large number of 
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continuous contacts between the conducting particles. The critical volume fraction, at which 
an abrupt insulator to conductor transition occurs, corresponds to a percolation threshold. 
 

Although the EMA model is well known, it cannot fit a multiple transition behaviour in a log 
σ – p plot and fails to explain the significant difference between effective conductivities 
reached after the percolation threshold as compared to those of a pure filler phase [10-13, 19, 
22, 34]. The same is true for percolation theory. 
 

It is clear that the percolation threshold is associated with the occurrence of continuous 
conducting paths in the conductor–insulator composite, which might be formed either 
through ‘geometrical touch’, i.e. a real physical contact between the adjacent particles, or 
‘electrical touch’, i.e. that with a small distance between the adjacent particles allowing 
interparticle tunneling [8]. Therefore, the percolation mechanism should be related to the 
creation of such contacts. 
 

A modified version of the EMA model able to account for creation of contacts between the 
adjacent particles was proposed by Mikrajuddin et al. [40] already. In their model, different 
contacts between the phases are considered as independent parameters, but not the material 
phases as was indicated originally for Eq. 8.2. Unfortunately, this model still cannot explain 
the existence of percolation thresholds at very low filler fractions, i.e. 0.03 – 5.0 vol.%, 
observed by some researchers [11, 13-15, 18, 21, 23, 42]. 
 

Similarly as in the Mikrajuddin et al.’s model, we divide the conductor–insulator composite 
into a number of cubes (other polyhedra can be also used) with the total number of cubes n. 
Each filler particle occupies one cube, and the total number of the occupied cubes is no. The 
probability of one cube occupied by a particle is ηp = no/n. If u and V are the volume of one 
cube and of the entire composite, respectively, then 
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where p = Vo/V is the volume fraction, f = Vo/nou is the filling factor and Vo is the volume 
occupied by the particles in the entire composite. The probability for the insulating material 
to occupy a cube is given then by 
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In general, with random distribution, the probability for a particle–particle contact must be 
proportional to the probability for one particle occupying an arbitrary cube and another 
particle in the neighboring cube and can be represented as 
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where K is a constant and the numbering in the subscript of the probability is introduced to 
indicate the step of subsequent approximation where appropriate. If the volume fraction of 
the particles equals the filling factor, then the probability for a particle–particle contact must 

be unity or 1
2
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fK . Thus, K = 1 and Eq. (8.6) can be simplified to 
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Apparently, the particle–particle contact should have some contact resistance Rpp (Fig. 8.3) 
or, as will be used further on in the present work, a particle–particle conductivity σpp = 
1/Rpp. By similar route, the probability for an insulator–insulator contact with a conductivity 
σii (Fig. 8.3) can be given by 
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Since the total probability of all possible contacts, including particle–particle, particle–
insulator and insulator–insulator must be unity, the probability of a particle–insulator 
contact equals [40] 
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Similarly to the particle–particle and insulator–insulator contacts, the particle–insulator 
contact should be associated with some conductivity σpi (Fig. 8.3). 
 

In a real composite system, a situation where the adjacent particles are located in a distance 
larger than the physical particle–particle contact is possible. Though in this case a 
‘geometrical touch’ between the particles is absent, ‘electrical touch’ is still possible if the 
interparticle distance is less than a few nm. Apparently, the existence of such locations of the 
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particles in an insulating medium should decrease the probability of particle–particle and/or 
particle–insulator contacts at constant filler fraction (as compared to the situation where only 
particle–particle and particle–insulator contacts are considered). Thus we can assume that 
the probability of a ‘particle–insulator–particle’ contact, which has some conductivity σpip 
(Fig. 8.3), will contain both ηpp,1 and ηpi,1, and can be expressed by 
 

pi,1pipp,1pppip,1 ηηη pp += , (8.10)  
 

where ppp and ppi are the relative probability contributions of the particle–particle and 
particle–insulator contacts to the probability of the particle–insulator–particle contacts, 
respectively. Then the probabilities of the particle–particle and particle–insulator contacts 
become  
 

( )pppp,1pp,2 p−= 1ηη  (8.11) 
 

and 
 

( )pipi,1pi p−= 1ηη  (8.12) 
 

and the probabilities should obey the unity rule 
 

1=++=+++ pi,1pp,1iipipp,2pip,1ii ηηηηηηη .  (8.13) 

 

 
Fig. 8.3. Schematic representation of various contacts, and their associated resistances, in a composite 
system with spherical particles as filler. Note that particle–‘oxide’–particle contacts (see the text) are 
not included in the figure explicitly but present there as a part of Rpp. 
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One can state at this moment that the existence of the particle–insulator–particle contacts 
might alter the probability of the insulator–insulator contacts as well. Obviously, this is so 
when the conducting phase becomes the main phase in the composite. For practical systems, 
however, p is typically less that 30 vol.%, and therefore, the alterations in the probability of 
the insulator–insulator contacts might be assumed to be negligible. This assumption also 
avoids the introduction of additional variables into the model. Therefore, further on ηii is 
considered to be as given in Eq. (8.8). 
 

Self-assembly of particles is a well-recognized phenomenon. Apparently, if self-assembly 
and/or self-rearrangement takes place in a conducting composite during its formation, it is 
likely to enhance formation of conducting networks. This subsequently will cause a shift of 
the percolation threshold to the low filler fractions. 
 

In order to include into the EMA model the possibility for the particles to self-rearrange, we 
introduce two constants Kpp and Kpip, which enlarge the probabilities of the particle–particle 
and particle–insulator–particle contacts, respectively, and which can be written as 
 

pp,2pppp,3 ηη K=  (8.14) 
 

and 
 

pip,1pippip ηη K= . (8.15) 
 

Furthermore, even if the particle–particle contacts are established in an insulating medium, it 
will be difficult to ensure that all such contacts are clean ones, i.e. free of an oxide layer and 
of any trapped molecules of the insulating material between them [40, 43]. Thus, a very thin 
insulating layer, with a thickness in order of a few Å, should be considered. To do so, an 
introduction of a new probability is necessary, which will account for the particle–particle 
contacts with a very thin insulating layer. Mikrajuddin et al. [40] proposed to write it as 
 

pp,3pop )( ηαη −= 1 , (8.16) 
 

where α is a constant measuring the fraction of clean contacts and those separated by 
extremely thin insulating layers. A conductivity of such a particle–‘oxide’–particle layer is 
σpop. Note that the associated Rpop is not included in Fig. 8.3 explicitly, but presents there as a 
part of Rpp. Evidently, the probability of the particle–particle contact becomes then 
 

pp,3pp αηη = . (8.17) 
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The parameters α, ppp and ppi, should be sensitive to external physical alterations, such as 
pressure and temperature, and Kpp and Kpip should depend largely on the type of conducting 
filler, insulating matrix and physicochemical forces causing self-rearrangement of the 
particles during composite formation. Bearing in mind that the total probability of all 
possible contacts, including particle–particle, particle–‘oxide’–particle, particle–insulator–
particle, particle–insulator, insulator–insulator, must be unity, we can derive the final 
probabilities 
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where the filling factor f of a simple cubic (SC), body centered cubic (BCC) or face centered 
cubic (FCC) like particle arrangement equals to 0.5236, 0.6802 or 0.7405 for spherical 
particles, respectively [33]. 
 

Substituting the above-introduced conductivities and their associated probabilities, Eqs. (8.18 
– 8.22), into Eq. (8.2), we obtain the final result representing the modified EMA model: 
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 (8.23) 
 

where the coordination number z equals 6, 8 or 12 for SC, BCC or FCC like particle 
arrangements, respectively [33]. 
 

Equation (8.23) is 5th order polynomial in σeff. The coefficients of the polynomial depend on 
the volume filler fraction p, the constants α, Kpp, Kpip, the probability contributions ppp and ppi, 
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and the values of five types of conductivities. Among the five roots of the polynomial, only 
one is typically positive and represents the effective conductivity of the composite. We have 
calculated the roots of the polynomial using Mathematica software. 
 

Let us consider now an arbitrary situation, for instance z = 6, f = 0.5236, α = ppp = ppi = 0.5, Kpp 
= Kpip = 1, and σii = 1 × 10–14 (as typical for polymers [16, 18]), σpi = 1 × 10–10, σpip = 1 × 10–6, 
σpop = 1 × 10–2 and σpp = 1 × 103 S/cm (as representative for a conducting filler, ATO for 
example [44]), in order to demonstrate the σeff behaviour in a σ – p plot. The σeff values 
calculated from Eq. (8.23) for this situation is given in Fig. 8.4. As one can see, the σeff – p 
dependence appears as a multiple transition behaviour consisting of the five plateau-like 
regions, which are associated with the five conductivity values introduced: σii, σpi, σpip, σpop 
and σpp, and the four transitions between them (indicated with roman numbering in Fig. 8.4), 
respectively. 
 

A variation of the parameters α, ppp, ppi, Kpp and Kpip in Eq. (8.23) results in the following 
changes. If the parameter α increases or, to put it differently, the amount of the particle–
particle contacts without any trapped insulating layer rises, transition IV shifts toward the 
lower filler fractions, and at α = 1 merges with transition III. On the other hand, if α 
decreases, transition IV shifts to higher p and eventually vanishes entirely. 
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Fig. 8.4. The σeff – filler fraction dependence obtained using the modified EMA model with the input 
values chosen. The insertion demonstrates a smearing region SR of an arbitrary transition 
(percolation threshold). 
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If a similar variation is done for Kpp, which is the parameter representing an increase in the 
probability of the particle–particle contacts, one sees the following trend. With an increase in 
Kpp, transitions III and IV shift to lower p and eventually all four transitions transform into a 
single transition between σii and σpp located at low p (p < 0.05). If Kpp decreases, transitions 
III and IV shift toward higher p. Furthermore, a variation in Kpip, which is the constant 
reflecting an increase in the probability of the particle–insulator–particle contacts, yields very 
similar results. Upon variation of Kpip, transition II shifts in one of the two directions of p and 
in the limit merges with either transition I, in case Kpip increases, or transition III if Kpip 
decreases. In the case of high Kpip the transition between σii and σpip occurs at extremely low 
p (p < 0.01). The existence of transitions at low filler fractions became possible, because in the 
modified EMA model the probabilities of various contacts, but not the filler fraction as it is in 
Eq. 8.3, are used as independent variables. 
 

From variations in the probability contributions ppp and ppi the following behaviour results. 
If ppp increases, i.e. the probability of the particle–insulator–particle contacts increases at the 
expense of the probability of the particle–particle contacts, transitions III and IV shift toward 
higher p, and eventually these transitions vanish. As one may expect, a decrease in ppp causes 
a shift of transitions III and IV to lower p. Furthermore, an increase in ppi, i.e. an increase in 
the probability of the particle–insulator–particle contacts at the expense of the probability of 
the particle–insulator contacts, causes a shift of transition II towards lower p and eventually, 
at ppi ≈ 1, transition II merges with transition I, leading to a single transition between σii and 
σpip. A decrease in ppi causes, on the other hand, a shift of transition II towards higher p. 
 

Apart from the above-discussed variations, the width of the so-called smearing region 
associated with every transition (see the insertion in Fig. 8.4) [34] may vary. In particular, the 
largest widening of the smearing region occurs when a transition between two neighbouring 
plateaus with a relatively small difference in their conductivity values takes place. 
Ultimately, the overall behaviour transforms into a smooth gradual increase. In the case of 
many such transitions (more than we have introduced) with relatively small differences in 
their conductivities (less than two orders of magnitude), a gradual increase in the log σeff – p 
plot over a large or even the full p range will occur. A number of such experimental 
observations have been already reported [11, 16, 19, 24]. 
 

It is worth mentioning that the modified EMA model behaves similarly to the behaviour 
indicated by Roldugin and Vysotskii [34], who predicted the existence of several percolation 
thresholds (transitions) in a log σ – p plot. Furthermore, the modified EMA model appears to 
be similar to that given by Trommerel et al. [22], who modified the EMA model considering 
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the filler size distribution. Differently from their model, our modifications enable the EMA 
model to explain the changes in the log σeff – p behaviour due to network formation, i.e. the 
interconnection of the conducting paths created by the particles. The importance of this 
phenomenon was already mentioned in the literature [21, 34]. 
 

As will be clear, the thickness of the insulating layers between the adjacent conducting 
particles plays a crucial role in the modified EMA model. In the case when a few plateau-like 
steps are observed in log σ – p plots for real composites, they might be attributed to relevant 
conductivities, and thereafter to a thickness of corresponding trapped insulating layers. 
Although it is generally accepted that the charge transfer through the insulating layer 
between the particles can be explained by the tunneling [17] and/or hopping [45, 46] effect, 
and a tunneling-percolation model was already proposed [8], the exact mechanism for the 
charge transfer, whether it is a direct quantum-mechanical transfer through the potential 
barrier or a jump-wise activation mechanism, depends on composite composition, 
manufacturing/measuring procedure and conditions [34]. What is important to highlight 
here, however, is that the modified EMA model shows clearly the possibility for the 
existence of both a single percolation-like trend and a trend with gradual growth over the 
filler fraction range as the extreme cases, and allows the existence of trends with multiple 
transitions as the intermediate cases. It also shows the possibility for insulator to conductor 
transitions to occur at very low filler fractions. 
 

8.3.2 The ATO–acrylate nanocomposite hybrid coatings 
 

The experimental volume conductivity values obtained for the ATO–acrylate nanocomposite 
hybrid coatings are given in Fig. 8.5 as dots for five different MPS/ATO ratios. No clear 
percolation-like trend, which might be expected from the EMA model and the percolation 
theory, can be confirmed, as no obvious single plateau can be observed in  the range 10–9 – 
10–3 S/cm analyzed. However, for achieving these magnitudes of volume conductivity (10–9 – 
10–3 S/cm), which correspond largely to a dissipative level of conductivity [47], transitions 
from the insulating level (≈ 10–14 S/cm) had to occur. 
 

Such insulator to dissipator transitions tend to occur at very low filler fractions: at 1 – 2 vol.% 
of the ATO particles for the coatings with the MPS/ATO ratio = 0.04 and 0.08, in particular. 
Unfortunately, for the ATO–acrylate nanocomposite hybrid coatings with other MPS/ATO 
ratios and p < 5 vol.% the volume conductivity was lower than 10–9 S/cm and could not be 
measured truthfully. 
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Furthermore, the measured values of conductivity increase with p with some plateau-like 
steps (Fig. 8.5). These steps can be seen rather clearly in a region from 5 to 15 vol.% of ATO 
particles for the coatings with the MPS/ATO ratio equal to 0.04 and 0.08, and in a region 
from 25 to 30 vol.% of ATO particles for the coatings with the MPS/ATO ratio equal to 0.17 
and 0.34. 
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Fig. 8.5. Experimental results obtained for the volume conductivity of the ATO–acrylate 
nanocomposite hybrid coatings versus the volume fraction of the ATO nanoparticles, and with 
respect to the MPS/ATO ratio. The fitting curves were obtained for a simple cubic like particle 
arrangement using the modified EMA model. 
 



Chapter 8 

 134

Besides that, the maximum values of volume conductivity achieved in the case of the ATO–
acrylate nanocomposite hybrid coatings with 30 vol.% of the ATO particles (≈ 10–4 S/cm) 
appeared to be much lower that those known for the filler material (≈ 103 – 104 S/cm) [44]. 
Hence, either a gradual increase or a percolation-like trend, or a combination of the two, can 
be expected upon further increase in filler fraction of the ATO particles changing from 30 to 
100 vol.% [48]. 
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Fig. 8.6. Experimental results obtained for the volume conductivity of the ATO–acrylate 
nanocomposite hybrid coatings versus the MPS/ATO ratio for the volume fraction of the ATO 
nanoparticles equal to 15, 20 and 25 vol.%, respectively. 
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Remarkably, a comparison among the coatings with similar filler fractions but different 
MPS/ATO ratios suggests that the amount of the silane-coupling agent plays a significant 
role in the volume conductivity of the ATO–acrylate nanocomposite hybrid coatings. An 
obvious influence for this can be seen in a σ – MPS/ATO ratio plot given in Fig. 8.6 for 15, 20 
and 25 vol.% of ATO particles. As one can see therein, approximately from the MPS/ATO 
ratio = 0.04 to 0.1 an increase in the surface modification of the ATO particle causes a 
decrease of the volume conductivity of the formed ATO–acrylate coatings. For the 
MPS/ATO ratio > 0.1 the volume conductivity of the coatings appears to be approximately 
constant and, thus independent on the further surface modifications of the ATO particles. 
This behaviour appears to be in a good agreement with the data given in Fig. 8.1, where a 
saturation state in coverage of the ATO particles at MPS/ATO ratio equal to 0.1 is achieved. 
 

Since all dependences observed in the σ – p plot for the ATO–acrylate nanocomposite hybrid 
coatings (Fig. 8.5) appeared to be as a combination of a percolation behaviour and a gradual 
growth, the modified EMA model should be able to fit these experimental data. In order to 
do so, we have to specify particular values needed for the fit. Let us consider σii = σpi = 1 × 
10–14 S/cm, as typical for polymers [16, 18], and σpp = 1 × 103 S/cm, as one of the lowest 
conductivity values for ATO known [44]. The particle–insulator conductivity is taken being 
equal to that of the insulator–insulator conductivity because of two reasons. First, an exact 
trend for σ < 10–9 S/cm could not be measured for our coatings and, therefore, an accurate 
value for σpi, which might appear as a plateau-like step, or perhaps not appear at all, is 
unknown. Second, the particle–insulator conductivity is likely to be in  a range of 10–14 – 10–12 
S/cm and, hence, is unlikely to interfere with the conductivity values measured at σ > 10–9 
S/cm. 
 

Furthermore, since even at the highest filler fraction (30 vol.% of the ATO particles) the 
volume conductivity achieved for the ATO–acrylate nanocomposite hybrid coatings was 
much lower than that known for the filler material, a predominance of the clean particle–
particle conducts in the range of the conductivity measured has to be excluded, but a small 
amount of such contacts may be still present in the coatings. Therefore, let us consider α = 
0.1, which implies that 90 % of all contacts between the adjacent particles have a very thin (in 
order of a few Å) insulating layer. As becomes obvious from the discussion about the 
conductivity values σii, σpi and σpp, the σpip and σpop conductivities are going to play the most 
important role in the 10–9 – 10–3 S/cm conductivity range. The approximate values for the 
σpip and σpop conductivities can be obtained from the experimental data, as the conductivity 
values corresponding to obvious or imaginary plateau-like steps in the σ – p curves. The σpip 
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and σpop values corresponding to the ATO–acrylate coatings are given in Table 8.1. Since the 
modified EMA model has many parameters, a number of parameters was taken constant 
during fitting in order to restrict the possibilities. After some preliminary estimations we 
used ppp = 2/15, ppi = 9/15 and Kpp = 4, 5.5 or 6.5 for different particle arrangements 
considered, respectively (Table 8.1). We used Kpip as a fitting parameter. Since the ATO 
particles have a spherical shape, the filling factor f was taken equal to 0.5236, 0.6802 or 0.7405 
for the SC, BCC or FCC like particle arrangement, respectively [33]. 
 

Table 8.1. Parameters used to fit the experimentally obtained volume conductivity values of the 
ATO–acrylate nanocomposite hybrid coatings with respect to filler fraction and MPS/ATO ratio (see 
Fig. 8.5) by means of the modified EMA model. 

 

PA a z f MPS/ATO
(g/g) ppp ppi Kpp Kpip α σpop × 10–4 

(S/cm) 
σpip × 10–7 

(S/cm) 
0.04 0.13 ± 0.13 0.60 ± 0.20 4.0 ± 1.2 20.0 ± 5.0 0.1 ± 0.10 3.5 ± 2.5 21.0 ± 14.0
0.08 0.13 ± 0.13 0.60 ± 0.20 4.0 ± 1.2 19.0 ± 5.0 0.1 ± 0.09 1.0 ± 0.6 6.5 ± 2.5 
0.09 0.13 ± 0.13 0.60 ± 0.07 4.0 ± 0.5 5.0 ± 0.2 0.1 ± 0.09 0.60 ± 0.30 3.50 ± 1.50
0.17 0.13 ± 0.07 0.60 ± 0.07 4.0 ± 0.5 4.0 ± 0.4 0.1 ± 0.05 0.30 ± 0.10 0.18 ± 0.08

SC 6 0.5236 

0.34 0.13 ± 0.07 0.60 ± 0.07 4.0 ± 0.5 4.0 ± 0.3 0.1 ± 0.08 0.35 ± 0.15 0.18 ± 0.08
0.04 0.13 ± 0.13 0.60 ± 0.20 5.5 ± 2.0 20.0 ± 5.0 0.1 ± 0.10 4.5 ± 2.5 27.0 ± 16.0 
0.08 0.13 ± 0.13 0.60 ± 0.13 5.5 ± 1.0 18.5 ± 4.5 0.1 ± 0.08 1.7 ± 0.8 7.0 ± 4.0 
0.09 0.13 ± 0.13 0.60 ± 0.07 5.5 ± 0.5 4.0 ± 0.2 0.1 ± 0.05 0.80 ± 0.30 5.9 ± 2.3 
0.17 0.13 ± 0.07 0.60 ± 0.07 5.5 ± 0.5 3.9 ± 0.4 0.1 ± 0.08 0.40 ± 0.20 0.20 ± 0.10

BCC 8 0.6802 

0.34 0.13 ± 0.07 0.60 ± 0.07 5.5 ± 0.5 3.9 ± 0.4 0.1 ± 0.08 0.45 ± 0.25 0.20 ± 0.10
0.04 0.13 ± 0.13 0.60 ± 0.13 6.5 ± 2.5 20.0 ± 5.0 0.1 ± 0.10 4.7 ± 3.2 27.0 ± 12.0
0.08 0.13 ± 0.13 0.60 ± 0.07 6.5 ± 1.5 17.5 ± 3.5 0.1 ± 0.05 1.4 ± 0.6 7.8 ± 3.2 
0.09 0.13 ± 0.13 0.60 ± 0.07 6.5 ± 1.0 3.0 ± 0.1 0.1 ± 0.05 0.65 ± 0.15 6.30 ± 2.90
0.17 0.13 ± 0.07 0.60 ± 0.07 6.5 ± 0.5 3.0 ± 0.5 0.1 ± 0.02 0.25 ± 0.05 0.23 ± 0.12

FCC 12 0.7405 

0.34 0.13 ± 0.07 0.60 ± 0.10 6.5 ± 1.0 3.0 ± 0.5 0.1 ± 0.03 0.29 ± 0.10 0.23 ± 0.12
 

a PA stands for particle arrangement. 
 

The calculated curves obtained with the input data indicated above for the SC particle 

arrangement and Kpip as a variable are given in Fig. 8.5 (see Appendix B for details; therein a 

software program is provided, and a fitting for the BCC like particle arrangement is 

demonstrated). In Table 8.1 the results of all fittings obtained for the ATO–acrylate 

nanocomposite hybrid coatings are given. In order to estimate a range in which every 

parameter may deviate, but yet provides a reasonable fit, the following was done. Each 

parameter was varied until the fitting curves failed to fit the experimental data. The others 

parameters were kept constant for every combination of the MPS/ATO ratio and the particle 

arrangement (Table 8.1) upon such estimations. The deviation range obtained in this way is 

given in Table 8.1 behind the value of each parameter. 
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As one may see, the calculated curves (Fig. 8.5) fit the experimental σ – p behaviours well, 
and, thus, prove the relevance of the modified EMA model introduced. Furthermore, the 
fittings also confirm the importance of network formation of the conducting ATO particles in 
our coatings. An evidence for self-rearrangement of the ATO particles also can be clearly 
seen in Fig. 8.2. 
 

As one may note, the coatings with the MPS/ATO ratio equal to 0.17 and 0.34 have similar 
conductivity values for the same filler fractions. Therefore, the conductivity values of these 
coatings were successfully fitted with similar values of the analyzed parameters (within the 
parameter deviations found, Table 8.1), which yielded the similar fitting curves (Fig. 8.5). 
This also shows that the amount of the MPS oligomers present in the corresponding coatings 
does not influence the σ – p relation. 
 

A dependence of the Kpip parameter with respect to the MPS/ATO ratio is given in Fig. 8.7 
for the three particle arrangements considered. It appears that upon an increase in the 
MPS/ATO ratio from 0.04 to 0.1, Kpip decreases roughly from 20 to 4 and thereafter hardly 
depends on a further increase in silane-coupling agent content in the coatings. The abrupt 
decrease in the Kpip magnitudes (Fig. 8.7) suggests that an increase in the MPS/ATO ratio 
causes a significant decrease in the ability of the ATO particles to rearrange themselves into 
networks. In the ATO–acrylate coatings with the MPS/ATO ratio ≥ 0.1 this ability reaches 
some low steady level. Apparently, these changes happen because of the grafting of the ATO 
particles with the MPS molecules, which are polymeric molecules compatible with the 
acrylic matrix. Because of their compatibility, an increase in the surface modification of the 
ATO particles should decrease the surface tension between the ATO particles and the matrix.  
The surface tension, as was shown recently in the case of CB–epoxy systems [49], is certainly 
an important (if not dominating) parameter among those contributing to the ability of the 
particles to rearrange themselves prior and/or during the cure of a nanocomposite. A 
decrease in this ability should inevitably shift the percolation threshold to the higher filler 
fraction. Such a shift, which can be clearly seen in Fig. 8.5, can be satisfactory explained in 
terms of Kpip, since the changes in the Kpip values with an increase in the MPS/ATO ratio 
(Fig. 8.7) is in a good agreement with the trend given in Fig. 8.1.  
 

It has to be recognized, that somewhat different values from those assigned to ppp, ppi and 
Kpp might be used upon fitting. However, if this is done, for reasonable fittings the behaviour 
of Kpip with respect to the MPS/ATO ratio appears to be approximately similar to that given 
in Fig. 8.7. 
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Fig. 8.7. Constant representing an increase in the probability of the particle–insulator–particle 
contacts, Kpip, versus the MPS/ATO ratio. 
 

8.4 Conclusions 
 

The electrical properties of ATO–acrylate nanocomposite hybrid coatings deposited on 
polycarbonate substrates are reported. The volume conductivity of the coatings is analysed 
with respect to volume fraction of antimony-doped tin oxide filler nanoparticles and degree 
of surface grafting of these particles. An insulator to dissipator transition at very low filler 
fractions, i.e. 1 – 2 vol.%, of the ATO particles is observed. 
 

A modified effective medium approximation (EMA) model, which takes into consideration 
different types of contacts in particle networks, is introduced. This model clearly 
demonstrates a multiple transition behaviour in a log σ – p plot of polymer–nanocomposites 
that contain conducting spherical particles as filler.  
 

It is found that the modified EMA model can fit successfully the conductivity behaviour that 
was observed for the ATO–acrylate nanocomposite hybrid coatings with respect to filler 
fraction and different coverage of the particles by a grafting layer. 
 

The tendency of the particles to rearrange themselves can be explained in the frame of this 
model too. As was revealed for the ATO–acrylate nanocomposite hybrid coatings, the 
changes in Kpip parameter, which is associated with the probabilities of particle–insulator–
particle contacts, are in a good agreement with a degree of surface coverage of the ATO 
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nanoparticles. The modified EMA model is expected to be useful for other composite 
systems as well. 
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SUMMARY 
 

_________________________________________________________________________________________ 

 

 

Materials consisting of two or more distinctively dissimilar phases, among which at least one 
phase is of a nanometer size, are called nanocomposite hybrid materials. Presently, research 
on this kind of materials is expanding rapidly. Because of an infinite number of possible 
combinations of different phases, the potential applications of nanocomposite hybrid 
materials are manifold. Polymer–nanocomposites are being investigated already for almost 
three decades, but until now only limited understanding of physicochemical phenomena, 
which determine the ultimate properties of these materials, is obtained. Therefore, further 
scientific knowledge in this area is of significant importance at the moment. 
 

The research carried out in the frame of this thesis is mainly focused on materials properties 
of nanocomposite hybrid coatings on polycarbonate substrates. The research elucidates the 
physicochemical phenomena that predominantly define the mechanical and/or electrical 
properties of nanocomposite hybrid coatings consisting of embedded silica or antimony-
doped tin oxide (ATO) or phthalocyanine nanoparticles and crosslinkable polymeric 
(meth)acrylic or epoxy matrices. The key results obtained while pursuing the particular 
objectives of our research (see Section 1.2) are summarized below. 
 

The research showed that load and depth sensing indentation (DSI) is a powerful tool to 
estimate accurately several mechanical properties, i.e. elastic modulus and hardness, of 
crosslinked nanocomposite hybrid coatings and of thermoplastic polycarbonate carriers 
(Chapters 3 and 4). It is demonstrated that elastic modulus and hardness values can be 
successfully deduced from DSI responses of coating–substrate systems, if even at very 
shallow indenter displacements the underlying substrates influence the indentation 
responses (Chapter 4). While analyzing the DSI responses of rubbery coating – thermoplastic 
substrate systems, a sigmoidal behaviour in an effective elastic modulus versus relative 
indenter displacement plot (both axes on a logarithmic scale) was found (Chapter 6). A 
unique ability of this technique to analyze layer-by-layer mechanical properties of a bulk 
piece of material was revealed in the case of polycarbonate (Chapter 3). 
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It is found that mechanical properties of the silica–(meth)acrylate, ATO–acrylate and 
phthalocyanine–epoxy nanocomposite hybrid coatings cannot be simply predicted and 
explained by filler content only, although a substantial increase may be achieved in the 
elastic modulus and hardness values of crosslinked polymers by embedding nanoparticles 
into them (Chapters 4 – 6). To our understanding the influences of filler content, crosslink 
density and of other variables, e.g. filler size, filler geometry, glass transition temperature 
(Tg) of polymeric matrix, etc., in combination determine the ultimate mechanical properties 
of nanocomposite hybrid coatings. Reciprocal influences of some variables on each other, e.g. 
an influence of filler content on crosslink density and an influence of crosslink density on Tg, 
appeared to be additional phenomena, which complicate the analysis of mechanical 
properties of nanocomposite materials (Chapter 4).  
 

The influence of crosslink density on Tg and on the mechanical properties of nanocomposite 
hybrid materials was clearly shown in the case of the novel phthalocyanine–epoxy coatings 
(Chapter 6). Furthermore, it was found for the ATO–acrylate nanocomposite hybrid coatings 
that, contrary to general expectations, no increase in the mechanical properties of these 
coatings occurred when the surface of the ATO nanoparticles was grafted to a large extent by 
a silane-coupling agent, whereas for a lower degree of surface modification some 
improvements in the mechanical properties of these coatings were revealed (Chapter 5). 
 

For the first time, subsurface cracking was observed at a polymer – polymer interface after 
depth sensing and Vickers indentation on the transparent silica–(meth)acrylate 
nanocomposite hybrid coatings on polycarbonate substrates (Chapter 7). It appeared that 
after initiation at the interface these cracks propagated toward the surface and in radial 
directions as an indentation load increased. Subsurface cracks formed during depth sensing 
indentations were accompanied by a very small change in the slope of the loading curve. 
 

Volume conductivity of the ATO–acrylate nanocomposite hybrid coatings was analyzed 
with respect to volume fraction of ATO nanoparticles and degree of surface grafting of the 
particles. An insulator to dissipator transition in electrical conductivity values was observed 
at very low filler fractions, i.e. 1 – 2 vol.%, for these nanocomposite hybrid coatings (Chapter 
8). 
 

A modified effective medium approximation (EMA) model is introduced to explain 
successfully the complex conductivity behaviour observed for the ATO–acrylate 
nanocomposite hybrid coatings with respect to filler fraction and different coverage of the 
particles by a grafting layer (Chapter 8). The modified EMA model, which takes into 
consideration different types of contacts between nanoparticles, explains the existence of 
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percolations at low filler fractions and clearly illustrates a tendency of nanoparticles to 
rearrange themselves into network-like structures. 
 

Additionally performed research dealing with physical ageing of polycarbonate, the material 
used as substrates for our coatings, demonstrated no linear correlation between the changes 
in the mechanical properties and enthalpy changes during the ageing process (Chapter 3). 
The changes in the mechanical properties and the enthalpy changes are believed to be 
associated mainly with different phenomena causing them. The former can be largely 
attributed to the volumetric changes occurring upon physical ageing, whereas the latter can 
be explained by variations in the internal energy of polycarbonate. 
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SAMENVATTING 
 

_________________________________________________________________________________________ 

 

 

Hybride nanocomposieten zijn materialen die bestaan uit twee of meer duidelijk ongelijke 
fasen waarvan tenminste een de grootte heeft van nanometers. Tegenwoordig breidt het 
wetenschappelijk onderzoek zich steeds verder uit in de richting van dit soort materialen. 
Vanwege de oneindige combinatie mogelijkheden van de verschillende fasen, zijn de 
potentiёle toepassingen voor deze hybride nanocomposieten talrijk. Het onderzoek naar 
polymeer-nanocomposieten loopt al ruim dertig jaar, maar tot nu toe is er slechts een beperkt 
inzicht verkregen in de fysisch-chemische kenmerken, die de uiteindelijke eigenschappen 
van deze materialen bepalen. Daarom is het verkrijgen van verdere wetenschappelijke 
kennis op dit gebied van significant belang. 
 

Het onderzoek, uitgevoerd in het kader van dit proefschrift, richt zich voornamelijk op 
polymere nanocomposiet coatings op polycarbonaat substraten. Het onderzoek belicht de 
fysisch-chemische kenmerken die ten grondslag liggen aan de mechanische en/of elektrische 
eigenschappen van deze nanocomposiet hybride coatings. Deze coatings bevatten silica, 
antimonium-gedoopt tin oxide of phthalocyanine nanodeeltjes. De polymere matrix is 
doorgehard (meth)acrylaat of epoxy. De belangrijkste resultaten van het onderzoek zoals 
beschreven in dit proefschrift zijn hierna samengevat. 
 

Uit het onderzoek blijkt dat nanoindentatie (of DSI) een uitstekende techniek is om 
mechanische eigenschappen, zoals elastische modulus en hardheid, van nanocomposiet 
hybride coatings op thermoplastisch polycarbonaat te bepalen (Hoofdstukken 3 en 4). De 
elastische modulus en hardheid kan berekend worden uit de DSI signalen zelfs wanneer bij 
lage indringdiepte deze signalen beinvloed worden door het substraat (Hoofdstuk 4). 
Bovendien blijkt dat voor rubberachtige coatings (Tg lager dan kamertemperatuur) een 
‘sigmoidale’ relatie te bestaan tussen elastische modulus en relatieve indringdiepte van de 
indentor (logaritme schaal). Dit gedrag kan verklaard worden doordat de verschillende 
delen van de grafiek bepaald worden door andere materiaal eigenschappen van de coating 
(Hoofdstuk 6). Een unieke eigenschap van de nanoindentatie methode is ook dat een 
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materiaal op verschillende dieptes kan worden geanalyseerd. Dit blijkt in het ondermeer uit 
het hier beschreven onderzoek naan de veroudering van polycarbonaat (Hoofdstuk 3). 
 

Uit het onderzoek blijkt ook dat de mechanische eigenschappen van de silica–(meth)acrylaat, 
ATO–acrylaat en phthalocyanine–epoxy hybride coatings niet eenvoudig voorspeld en 
kwantitatief verklaard kunnen worden door alleen de concentratie van de aanwezige 
nanodeeltjes, in ogenschouw te nemen, ofschoon een substantiele verhoging in de elastische 
modulus en hardheid van deze coatings kan worden verkregen door toevoeging van deze 
nanodeeltjes (Hoofdstukken 4 – 6). Ook blijkt uit het onderzoek dat de mechanische 
eigenschappen bepaald worden door een complex samenspel van concentratie van 
nanodeeltjes, de mate van netwerk vorming van de polymere matrix, de grootte van de 
nanodeeltjes en de chemische binding van de deeltjes aan de matrix. De onderlinge invloed 
van sommige van deze variabelen op elkaar, b.v. de invloed van de concentratie van de 
nanodeeltjes op de mate van netwerk vorming van de matrix en de invloed hiervan op de 
glas overgangstemperatuur, bemoeilijken de kwantitatieve analyse van de mechanische 
eigenschappen van deze polymere nanocomposieten (Hoofdstuk 4). 
 

Dat de mate van netwerk vorming zowel de glas overgangstemperatuur van de polymere 
matrix als ook de mechanische eigenschappen sterk beinvloedt wordt duidelijk aangetoond 
met behulp van de phthalocyanine–epoxy coatings (Hoofdstuk 6). Bovendien bleek de 
invloed van ATO nanodeeltjes op de mechanische eigenschappen van acrylaat coatings 
complex te zijn  (Hoofdstuk 5). Het oppervlak van deze ATO nanodeeltjes is gemodificeerd 
door het te laten reageren met silaan acrylaat koppelingsreagens. Door deze modificatie 
onstaat een chemische binding tussen de deeltjes en de polymere matrix. Uit het onderzoek 
komt naar voren dat voor ATO–acrylaat coatings die tot vijftien volume procent ATO 
nanodeeltjes bevatten, de mechanische eigenschappen niet veranderen wanneer de ATO 
nanodeeltjes worden gebruikt waarvan het oppervlak sterk is gemodificeerd. 
 

Voor de eerste keer werd aangetoond met behulp van optische microscopie dat er onder het 
oppervlakte op het raakvlak tussen coating en polymere drager scheuren kunnen ontstaan 
tijdens indentatie metingen (Hoofdstuk 7). Na initiatie aan het raakvlak, zet deze scheur 
vorming zich voort naar het oppervlakte en in radiale richting. De scheuren waren groter 
wanneer de indentatie onder zwaardere belasting werd uitgevoerd. Het vormen van deze 
scheuren onder het oppervlak was waar te nemen in de laadcurve van de indentatie meting. 
Echter de sprong in de helling van deze laadcurve was zo klein dat slechts bij zorgvuldige 
analyse van deze curves het optreden van deze scheuren uit de laadcurves kon worden 
afgeleid. 
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Het electrische geleidingsvermogen van acrylaat coatings die verschillende concentraties aan 
ATO nanodeeltjes bevatten werd gemeten. De oppervlakten van deze ATO deeltjes waren in 
verschillende mate chemisch gemodificeerd met behulp van een silaan acrylaat 
koppelingsreagens. In deze coatings werd er soms reeds bij een zeer lage concentratie aan 
nanodeeltjes, d.z.w. 1 – 2 vol.%, de overgang van isolator naar halfgeleider gevonden 
(Hoofdstuk 8). 
 

Een gewijzigd model gebaseerd op de Effectieve Medium Benadering (EMB) werd 
geintroduceerd (Hoofdstuk 8). Met dit model kan de waargenomen variatie in het electrische 
geleidingsvermogen van de verschillende ATO–acrylaat nanocomposiet hybride coatings 
kwantitatief verklaard worden. In dit model wordt het optreden van overgang van isolator 
naar geleider verklaard door het vormen van een continu geleidend netwerk van de ATO 
deeltjes in de matrix. Echter de hoogte van de volume geleiding wordt bepaald door de 
afstand tussen de deeltjes in het netwerk. Met dit model wordt ook aannamelijk gemaakt dat 
dat bepaalde ATO nanodeeltjes een veel sterkere neiging hebben om netwerk structuren te 
vormen in de matrix.  
 

Ook is er onderzoek gedaan naar de fysische veroudering van polycarbonaat (Hoofdstuk 3). 
Dit materiaal wordt gebruikt als substraat voor onze coatings. Tijdens de veroudering treedt 
er geen lineaire correlatie op tussen de veranderingen in de mechanische eigenschappen en 
de enthalpie. De veranderingen in de mechanische eigenschappen kunnen grotendeels 
verklaard worden uit de optredende veranderingen in de volume van polycarbonaat tijdens 
de veroudering. De veranderingen in enthalpie kunnen verklaard worden door de variaties 
in de inwendige energie van het materiaal tijdens veroudering. 
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РЕЗЮМЕ 
 

_________________________________________________________________________________________ 

 

 

Предметом настоящей работы являлись полимерные нанокомпозиты. Данные 
материалы, представляющие собой отдельный класс нанокомпозитов,☼ состояли из 
полимерных основ (матриц) и погруженных в них наполнителей (усиливающих 
элементов). Аналитический обзор литературы показал, что за последние годы многое 
стало известно о полимерных нонокомпозитах, но ряд принципиальных вопросов, в 
частности касающихся физико–химических явлений предопределяющих 
эксплуатационные и технологические свойства данных материалов, остается 
открытым. 
 

Анализ механических и электрических свойств полимерных нанокомпозиционных 
покрытий (ПНП), и описание физико–химических явлений определяющих данные 
свойсва, являлись глобальной целью данной диссертации. Более конкретными целями 
настоящей работы были следующие: оценка применимости и использование 
наноиндентирования для исследования механических свойств ПНП; оценка влияния 
содержания наполнителя, плотности полимерной сетки, химического 
модифицирования межфазной границы наполнитель–матрица, границы раздела 
покрытие–подложка на механические свойсва ПНП; оценка влияния содержания 
полупроводникового наполнителя и химического модифицирования межфазной 
границы наполнитель–матрица на электропроводность ПНП; анализ механических 
свойсв подложки. 
 

Соответствующие эксперименты были проведены на ПНП, находящихся на 
поликарбонатных подложках. Покрытия состояли из сшитых (мет)акрилатовых или 
эпоксидных полимерных матриц и диспергированных в них наночастиц диоксида 
кремния  (ДОК) или  диоксида  олова  легированного  сурьмой  (ДООЛС) или   
__________________________________________________________________________________ 
☼ Материалы, состоящие из двух или более различных фаз, среди которых, как минимум, одна 
фаза имеет размер нескольких нанометров, называются нанокомпозиционными материалами 
или нанокомпозитами. 



Резюме 

 150

фталоцианина. Наиболее важные результаты, полученные в течение настоящей 
работы, изложены в резюме. 
 

Результаты работы показали, что наноиндентирование является удобным 
аналитическим методом, который позволяет оценивать модуль упругости и твердость 
сшитых полимерных нанокомозиционных покрытий и термопластичных 
поликарбонатных носителей (Главы 3 и 4). Установлено, что механические свойства 
ПНП могут быть успешно найдены даже в тех случаях, когда свойства подложки 
отражаются на результатах измерений даже при незначительных глубинах 
проникновения индентора (Глава 4). “S-образная” зависимость была обнаружена в 
графике: модуль упругости как функция относительной глубины проникновения 
индентора (в логарифмических координатах), во время наноиндентационного 
анализа систем, состоящих из каучуковых покрытий и термопластичных подложек 
(Глава 6). Уникальное свойство наноиндентирования – способность послойно 
анализировать механические свойства объемных материалов, было выявлено во время 
исследовательской работы на поликарбонате (Глава 3). 
 

На основании механических и морфологических исследований ПНП было 
установлено, что механические свойства ДОК–(мет)акрилатовых, ДООЛС–
акрилатовых и фталоцианин–эпоксидных покрытий не могут быть тривиально 
предсказаны и объяснены содержанием в них наполнителя (Главы 4 – 6), хотя, как это 
было показано на примере ДОК–(мет)акрилатовых и ДООЛС–акрилатовых ПНП 
(Главы 4 и 5), значительное увеличение модуля упругости и твердости может быть 
достигнуто для сшитых полимеров благодаря внедрению в них наночастиц. 
Результаты работы показали, что наряду с долей погруженных частиц, плотность 
полимерной сетки и другие параметры, такие как размер и геометрия частиц, 
температура стеклования полимерной матрицы и т.д., определяют конечные 
механические свойства ПНП. Взаимовлияние некоторых параметров, к примеру, 
влияние содержания погруженных частиц на плотность полимерной сетки и влияние 
последней на температуру стеклования полимерной матрицы, являются 
дополнительными факторами, усложняющими анализ механических свойств 
полимерных нанокомпозитов (Глава 4). 
 

Значительное влияние плотности полимерной сетки на температуру стеклования и на 
механические свойства ПНП было найдено для фталоцианин–эпоксидных покрытий 
(Глава 6). На примере ДООЛС–акрилатовых ПНП было выявлено, что при увеличении 
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степени химического модифицирования поверхности ДООЛС наночастиц с помощью 
силанового аппрета, механические свойсва данных ПНП ухудшаются (Глава 5). 
 

В ходе исследований границы раздела покрытие–подложка, после нано- и 
стандартного (Vickers) индентирования, трещины были обнаружены под 
поверхностью оптически прозрачных ДОК–(мет)акрилатовых ПНП (Глава 7). 
Установлено, что после зарождения на границе раздела между покрытием и 
поликарбонатной подложкой, трещины развивались по направлению к поверхности и 
в радиальных направлениях, по мере увеличения силы вдавливания. Образование 
трещин, произошедшее в случае наноиндентирования, сопровождались небольшим 
изменением в наклоне кривой: сила вдавливание – проникновение, соответсвующей 
стадии нагрузки. 
 

В соответсвтии с поставленными целями, удельная электропроводность ДООЛС–
акрилатовых ПНП была исследована в зависимости от объемной доли ДООЛС 
наночастиц и степени модифицирования поверхности данных частиц с помощью 
силанового аппрета (Глава 8). Переход с диэлектрического на полупроводниковый 
уровнь удельной электропроводности был обнаружен при очень низких объемных 
долях наполнителя, а именно: 0.01 – 0.02, для данных ПНП. 
 

Для того чтобы успешно объяснить поведение удельной электропроводности ДООЛС–
акрилатовых ПНП в зависимости от объемной доли ДООЛС наночастиц и различной 
степени модифицирования поверхности данных частиц, новый вариант модели 
приближения эффективной среды☼ был разработан (Глава 8). Данный вериант, 
учитывающий различные виды контактов между смежными наночастицами, 
позволяет объяснить перколяцию при низких долях наполнителя и наглядно 
иллюстрирует тенденцию наночастиц к самопереорганизации.  
 

Научно-исследовательская работа, осуществленная в области физического старения 
поликарбоната (материал, использованный как подложки для ПНП), показала 
отсутствие прямой зависимости между изменениями в механических свойствах 
поликарбоната и изменениями в энтальпии данного материала при физическом 
старении (Глава 3). Первый вид изменений может быть главным образом 
охарактеризован объемными изменениями, в то время как второй вид может быть 
объяснен изменениями во внутренней энергии поликарбоната, происходящими при 
физическом старении. 
 

__________________________________________________________________________________ 
☼ примерный перевод для “effective medium approximation model”. 
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APPENDIX A: 

CALCULATION OF EFFECTIVE ELASTIC MODULUS AND HARDNESS 
 

_________________________________________________________________________________________ 

 

 

The effective elastic modulus and hardness values of specimens were calculated in 
accordance with the Oliver and Pharr method (see Section 2.2) after each load and depth 
sensing indentation (DSI). The DSI experiments were carried out by means of an apparatus 
described in Section 2.5. A Mathematica software program, which was written and used for 
the calculations, is presented below. An evaluation of the effective elastic modulus and 
hardness values corresponding to three repetitive load and depth sensing indentations with 
20 mN performed on a coating 8 – polycarbonate substrate system (Chapter 5) are used to 
demonstrate the program. 
 

The Mathematica software program to calculate effective elastic modulus and hardness 
values: 
 

Clearing up a table of results obtained during previous calculations. Creating new “empty” 
lists, which will be filled in during calculations. 
 
Clear[T]; Lhc = { }; LEeff = { }; LH = { }; LP = { }; LdPdh = { }; 

 

Reading the original DSI data obtained after the first (or the only) indentation cycle from a 
file generated by the apparatus (Section 2.5). 
 
Clear[V]; V = ReadList[“E:\Ind\E\E11\E11.210”, Number, RecordLists -> 

True]; 

 

Recalculating the original DSI data into SI units for loads (in mN) and displacements (in µm), 
respectively. 
 
a = V[[1, 1]]; b = V[[1, 2]]; 

W = Delete[V, Position[V, {_, _, _}]]; 

convert[{x_, y_}] := {x/a, y/b} 

Clear[V]; V = Map[convert, W];  
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Plotting a fraction of the load versus displacement data in order to precisely define an initial 
stage of the DSI process when a contact between the specimen and the indenter was 
established. 
 
L1 = ListPlot[V, PlotRange -> {0.0, 0.2}, Frame -> True, GridLines -> 

Automatic]; 

 

4 5 6 7 8 9

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

 
 

Manual determination of a pre-loading (Pmin) used during DSI experiments from the plot 
given above. 
 
Pmin = 0.125; 

 

Determination of a maximal indentation load (Pmax) used during the DSI process. 
Determination of a pre-displacement at which the contact between the specimen and the 
indenter was established. 
 
Clear[P]; P = #[[2]] &/@V; 

Clear[Pmax]; Pmax = Max[P]; 

Clear[h]; h = #[[1]] &/@V; 

Clear [M]; M = Max[h]; 

Clear[Mp]; Mp = Flatten[Position[h, M]]; 

Clear[Data]; Data = Take[V, Mp[[1]]]; 

Clear[P]; P = #[[2]] &/@Data; 

Clear[L]; L = Position[P, Pmin]; 

Clear[s]; s = Last[L]; 

Clear[h1]; h1 = h[[s]]; 

Clear[t]; t = Max[h1]; 
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Reading the original DSI data obtained after the first (or any other) indentation cycle from a 
file generated by the apparatus (Section 2.5). 
 
Clear[V]; V = ReadList[“E:\Ind\E\E11\E11.212”, Number, RecordLists -> 

True]; 

 

Recalculating the original DSI data into SI units for loads (in mN) and displacements (in µm), 
respectively. Recalculating the load–displacement data accounting for the determined pre-
loading and pre-displacement. Separating the unloading curve from the entire load–
unloading cycle. 
 
a = V[[1, 1]]; b = V[[1, 2]]; 

W = Delete[V, Position[V, {_, _, _}]]; 

convert[{x_, y_}] := {x/a, y/b} 

Clear[V]; V = Map[convert, W]; 

conv[{x_, y_}] := {x – t, y}; 

Clear[W]; W = Map[conv, V]; 

Clear[h]; h = #[[1]] &/@W; 

Clear[M]; M = Max[h]; 

Clear[Mp]; Mp = Flatten[Position[h, M]]; 

Clear[Data]; Data = Drop[W, First[Mp]]; 

 

Plotting the load–displacement curve (corresponding to the third repeat of indentations in 
this case). 
 
Lp = ListPlot[W, GridLines -> Automatic, PlotRange -> 

{{0., 4.}, {0., 20.}}]; 
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Visualization of all load–displacement curves obtained during repetitive indentations on the 
specimen with a particular maximal indentation load (20 mN in this case). 
 
Lp1 = Lp; Lp2 = Lp; 

Lp3 = Lp; Show[Lp1, Lp2, Lp3]; 
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Plotting a fraction of the unloading curve in order to cut out precisely a part of the unloading 
curve, which will be used for further calculations. 
 
ListPlot[W, GridLines -> Automatic, PlotRange -> 

{{0., 4.}, {1.96, 2.04}}]; 
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Cutting out the part of the unloading curve (90 % in this case). 
 
Clear[z]; z = Flatten[Position[Data, {_, 2.}]]; 

Data = Take[Data, Min[z]]; 

 

Plotting the cut part of the unloading curve. 
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Lp = ListPlot[Data, GridLines -> Automatic, PlotRange -> 

{{0., 4.}, {0., 20.}}]; 
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Fitting this part of the unloading curve polynomially. Calculating the contact displacement 
(hc), effective elastic modulus (Eeff), hardness (H) and unloading stiffness (S). Writing the 
found hc, Eeff, H, Pmax and S values in a table for this (and all previously calculated) load and 
depth sensing indentation(s). 
 
FitData1 = Fit[Data, {1, x, x2}, x]; 

FitData2 = Fit[Data, {1, x, x2, x3}, x]; 

Show[Lp, Plot[{FitData1, FitData2}, {x, 0, 10}, PlotStyle -> 

{RGBColor[1, 0, 1], RGBColor[0, 1, 1]}]]; 

Clear[x]; Clear[DFitData1]; DFitData1 = D[FitData1, x]; 

Clear[x]; Clear[DFitData2]; DFitData2 = D[FitData2, x]; 

Clear[dPdh1]; Clear[x]; dPdh1 = DFitData1/. X -> M; 

Clear[dPdh2]; Clear[x]; dPdh2 = DFitData2/. X -> M; 

0.0003
dPdh1

1
1

S1
−

= ;
0.0003

dPdh2

1
1

S2
−

= ; 

S1

Pmin-Pmax
0.75Mhc1 −= ;

S2

Pmin-Pmax
0.75Mhc2 −= ; 

A1 = 24.5hc12 + 5.7133hc1; A2 = 24.5hc22 + 5.7133hc2; 

H1 = Pmax/A1; H2 = Pmax/A2; 

A12*1.034

πS1
Eeff1 = ; 

A22*1.034

πS2
Eeff2 = ; 

2

hc2hc1
hc

+= ;
2

Eeff2Eeff1
Eeff

+= ; 

2

dPdh2dPdh1
dPdh

+= ;
2

H2H1
H

+= ; 
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Lhc = Append[Lhc, hc]; LEeff = Append[LEeff, Eeff]; LH = Append[LH, H]; 

LP = Append[LP, Pmax]; LdPdh = Append[LdPdh, dPdh]; 

T = TableForm[{{Lhc, LEeff, LH, LP, LdPdh}}, TableHeadings -> {Automatic,  

{“hc [µm]”, “Eeff [GPa]”, “H [GPa]”, Pmax [mN]”, “S [mN/µm]”}}] 
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Table of results: 
 
 hc [µm]  Eeff [GPa]  H [GPa]  Pmax [mN]  S [mN/µm] 

 3.02654 2.46993 0.0830834 20.075 44.2457 

 1 3.11852 2.50919 0.0784031 20.075 46.2151 

  3.21024 2.48761 0.0741306 20.075 47.1003 
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APPENDIX B: 

THE MODIFIED EFFECTIVE MEDIUM APPROXIMATION MODEL  

 

______________________________________________________________________________________ 

 

 

The modified effective medium approximation (EMA) model is described in Chapter 8 in 
detail. This model takes into consideration different types of contacts in particle networks 
and is capable to fit successfully the conductivity behaviour observed for antimony-doped 
tin oxide (ATO) – acrylate nanocomposite hybrid coatings with respect to filler fraction and 
degree of surface modification. A Mathematica software program, which is written to verify 
the appropriateness of the model, is presented below. Here, the model is used to fit the 
experimentally obtained volume conductivity values of the ATO–acrylate coatings, which 
have a MPS/ATO ratio equal 0.17, with respect to volume filler fraction. In this particular 
case the fitting was performed assuming a body centered cubic (BCC) like particle 
arrangement and with the magnitudes of the required parameters (variables) as those given 
in Table 8.1 for the BCC arrangement. Fitting with a simple cubic (SC) or face centered cubic 
(FCC) like particle arrangement can be also performed, if the magnitude of the required 
parameters associated with these arrangements are used (Table 8.1). 
 

The Mathematica software program for the modified EMA model: 
 

Starting a Mathematica graphical application, which allows plotting data on a logarithmical 
scale.  
 
<< Graphics` 

 

Clearing up a number of variables, which were used during previous calculations. Creating a 
new “empty” list, which will be filled in during calculations. 
 
ClearAll[σv, p, f, α, Kpp, Kpip]; S3 = {}; 
 

Stating the values of the relative probability contributions of the particle–particle (ppp) and 
particle–insulator (ppi) contacts to the probability of the particle–insulator–particle contacts 
(ppip), respectively. 
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ppp = 2/15, ppi = 9/15; 

 

Evaluation of all probabilities of all contacts possible as it is described in Section 8.3.1. 
 
ηpp = Kpp(p/f)2; ηii = (1 - p/f)2; 
ηpi = Simplify[Expand[1 – ηpp – ηii]]; 
Expand[ηpp + ηpi + ηii]; 
ηpip = Expand[ppp*ηpp + ppi*ηpi]; 
ηpp = (1 – ppp)*ηpp; ηpi = (1 – ppi)*ηpi; 
Expand[ηpp + ηpip + ηpi + ηii]; 
h = Expand[ηpp + ηpip + ηpi]; 
ηpip = Kpip*ηpip; 
ηpi = Expand[h – ηpp – ηpip]; ηpop = (1 - α)*ηpp; 
ηpp = α*ηpp; 
 

Confirming that all probabilities obey the unity rule. 
 
η = Expand[ηpp + ηpop + ηpip + ηpi + ηii] 
1. 

 

Stating the magnitudes of other variables needed for further calculations (see Table 8.1 for 
BCC like particle arrangement of the ATO–acrylate coatings with a MPS/ATO ratio = 0.17). 
 
Kpp = 5.5; 

Kpip = 3.9; 

α = 0.1; 
f = 0.6802; 

z = 8; 

σpp = 1*103; 
σpop = 0.4*10–4; 
σpip = 0.2*10–7; 
σpi = 1*10–14; 
σii = 1*10–14; 
 

Calculating the effective volume conductivity values (here σeff = σv) with respect to the 
volume filler fraction (p). 
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p = 0; Label[begin]; 

;
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S = Solve[EMA == 0, σv]; S1 = σv/.S; S2 = Last[S1]; S3 = Append[S3, p]; 
S3 = Append[S3, S2]; p += 0.005; If[p < .31, Goto[begin]] 

Flatten[S3]; 

S4 = Partition[S3, 2]; 

 

Plotting the calculated values in an effective volume conductivity versus volume filler 
fraction plot.  
 
M = LogListPlot[S4, PlotJoined -> True, PlotRange -> 

{{0., .31}, {10–14, 10–2}}, Prolog -> AbsolutePointSize[5], 

PlotStyle -> {Thickness[.01], GrayLevel[0]}]; 

 

 
 

Writing the experimentally obtained volume conductivity values of the ATO–acrylate 
nanocomposite hybrid coatings with a MPS/ATO ratio equal 0.17 and different volume filler 
fractions. 
 
Data = {{0.05, 1.67*10-9}, {0.08, 5.08*10-9}, {0.12, 4.69*10-8}, 

{0.15, 2.67*10-7}, {0.16, 7.62*10-7}, {0.2, 7.76*10-6}, {0.2, 4.22*10-6}, 

{0.25, 2.90*10-5}, {0.3, 6.01*10-5}, {0.3, 6.45*10-5}}; 
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Plotting these experimental results in a σ versus p plot. 
 
P = LogListPlot[Data, PlotRange -> {{0., 0.31}, {10-14, 10-4}}, 

Prolog -> AbsolutePointSize[12], 

PlotStyle -> {RGBColor[0.25, 0.25, 0.25]}]; 

 

 
 

Demonstrating the experimentally measured and calculated data in a combined σ versus p 
plot. 
 
Show[P, M, AxesLabel -> {“p”, “σ (S/cm)”}]; 
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LIST OF ABBREVIATIONS 
_________________________________________________________________________________________ 

 

ADC Analog to Digital Converter 
ATO Antimony-doped Tin Oxide 
ATR Attenuated Total Reflection 
BCC Body Centered Cubic 
CC Chemical Composition 
DAC Digital to Analog Converter 
DBS Doppler Broadening Spectroscopy 
DMTA Dynamic Mechanical Thermal Analysis 
DSC Differential Scanning Calorimetry 
DSI Load and Depth Sensing Indentation (or Nanoindentation) 
DTGS Deuterated Tri-Glycine Sulfate detector 
EMA Effective Medium Approximation 
FC Filler Content 
FCC Face Centered Cubic 
FG Filler Geometry 
FS Filler Size 
FTIR Fourier Transform Infrared 
HDDA HexaneDiol DiAcrylate 
HEMA HydroxyEthyl MethAcrylate 
GEM General Effective Media 
GPC Gel Permeation Chromatography 
IBMA IsoBornyl MethAcrylate 
IPN Interpenetrating Network 
IR Infrared 
MCT Mercury Cadmium Telluride detector 
MPS Methacryloxy-Propyl-trimethoxy-Silane 
MWD Molecular Weight Distribution 
NMR Nuclear Magnetic Resonance spectroscopy 
o-Ps Ortho-positronium intensity 
PALS Positron Annihilation Lifetime Spectroscopy 
PC Polycarbonate of bisphenol A 
PDI Polydispersity Index 
PID Proportional Integral Derivative 
PS Polystyrene 
RDS Raman Difference Spectroscopy 
SC Simple Cubic 
TEM Transmission Electron Microscopy 
TGA Thermo–Gravimetrical Analysis 
TMPTA TriMethylolPropane TriAcrylate 
TU/e Eindhoven University of Technology 
UV Ultra Violet 
vol.% Volume percentage 
wt.% Weight percentage 
XLD Cross–Link Density 
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LIST OF SYMBOLS 
_________________________________________________________________________________________ 

 
A Projected contact area 
a Mark-Houwink parameter, Constant 
B Fitting parameter, Magnetic field 
B1, B2, B3 Constants 
b Constant 
C1, C2, C3, C4 Constants 
E Elastic (Young’s) modulus 
Eapp Apparent elastic (Young’s) modulus 
Eeff Effective elastic (Young’s) modulus 
Ef Elastic (Young’s) modulus of a coating (film) 
Ei Elastic (Young’s) modulus of a material from which an indenter is made 
Es Elastic (Young’s) modulus of a substrate 
E’ Storage (elastic or Young’s) modulus 
F Force 
f Function, Filling factor 
H Hardness 
Happ Apparent hardness 
Hf Hardness of a coating (film) 
Hp Enthalpy at constant pressure 
Hs Hardness of a substrate 
h Displacement 
hc Contact displacement (or contact depth) 
hf Coating (film) thickness 
hmax Maximal displacement 
hres Residual displacement 
I Current in a coil 
Is Sourced current 
K Mark-Houwink parameter, Constant 
Kpip Constant enlarging the probability of particle–insulator–particle contacts  
Kpp Constant enlarging the probability of particle–particle contacts 
l Length of a coil 
m Fitting parameter 
Mn Number average molecular weight 
n Number or repeated units, Total number of cubes 
no Total number of occupied cubes 
P Load, Pressure 
p Filler fraction 
Pmax Maximal load 
ppp Relative probability contribution of particle–particle contacts to the probability of 

particle–insulator–particle contacts 
ppi Relative probability contribution of particle–insulator contacts to the probability of 

particle–insulator–particle contacts 
r Indentation rate 
Ra Surface roughness 
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Rpp Resistance of a particle–particle contact 
S Unloading stiffness 
T Temperature 
tan Time of (physical) ageing at elevated temperature (or during annealing) 
Tg Glass transition temperature 
Tp,e Extrapolated onset temperature 
Tp,max Temperature at the maximum of an endothermic peak 
Tp,½ Half-step temperature 
trt Time of (physical) ageing at room temperature 
U Internal energy 
u Volume of one cube 
V Volume, Volume of an entire composite 
Vm Measured voltage 
Vo Occupied volume 
z Coordination number 
 
 
α Constant measuring the fraction of clean particle–particle contacts 
β Geometrical constant 
∈ Geometrical constant 
ηi Probability of once cube to be occupied by an insulator 
ηii Probability of insulator–insulator contacts 
ηp Probability of once cube to be occupied by a particle (filler) 
ηpi, ηpi,1 Probability of particle–insulator contacts 
ηpip, ηpip,1 Probability of particle–insulator–particle contacts 
ηpop Probability of particle–‘oxide’– particle contacts 
ηpp, ηpp,1, ηpp,2, ηpp,3 Probability of particle–particle contacts 
σ Electrical (volume) conductivity 
σc Electrical (volume) conductivity of a (semi-)conducting filler (or phase) 
σeff Effective electrical (volume) conductivity of a composite 
σi Electrical (volume) conductivity of an insulating phase 
σii Insulator–insulator conductivity or electrical (volume) conductivity of insulator–

insulator contacts 
σpi Particle–insulator conductivity or electrical (volume) conductivity of particle–

insulator contacts 
σpip Particle–insulator–particle conductivity or electrical (volume) conductivity of 

particle–insulator–particle contacts 
σpop Particle–‘oxide’–particle conductivity or electrical (volume) conductivity of 

particle–‘oxide’–particle contacts 
σpp Particle–particle conductivity or electrical (volume) conductivity of particle–

particle contacts  
ν Poisson’s ratio of a specimen 
νi Poisson’s ratio of a material from which an indenter is made 
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