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1 INTRODUCTION

Studying the physicomechanical characteristics of
films featuring thin solid coatings with nanoscale
thicknesses has evident academic and applied impor�
tance. These materials can be used as oxygen�resistant
materials; flexible mirrors; and conducting, sensing,
and magnetic materials. Their volumes of production
are gradually increasing. For example, PET films
coated with silicone dioxide have proved themselves as
excellent oxygen�resistant materials in the food and
pharmaceutical industries [1]. In addition, metallized
polymer films are widely used in microelectronics [2].
Evidently, on the one hand, the practical use of the
above materials requires knowledge of the mecha�
nisms of fracture of the deposited coatings. On the
other hand, this study is crucial for the analysis of the
fundamental characteristics of a substance scaled
down to nanometric dimensions. The worldwide nan�
otechnological boom demands the acquisition of new
knowledge on the correlation between the nanostruc�
ture and characteristics of such materials. However,
despite the vital importance of any information about
the characteristics of substances on the nanoscale,
problems of their estimation are far from being solved.
In particular, information on the strain–strength

1 This work was supported by the State Program for the Support of
Leading Scientific Schools (NSh 4371.2010.3) and State Con�
tract no. 02.740.11.0143.

characteristics of solids with dimensions ranging from
several to tens of nanometers is scarce, and this deficit
of knowledge is the direct consequence of evident
experimental difficulties in performing tests on such
tiny materials. Therefore, advances in the develop�
ment of new methods for the characterization of the
above materials are very important.

With consideration for the above reasoning, the
results of our recent studies on the estimation of the
strain–strength characteristics of nanometric coatings
deposited onto polymer films seem very promising.
These results are based on the study of the structural
parameters of the fracture of coated polymer films
during the tensile drawing of the supporting polymer.
Remember that tensile drawing of polymer films with
thin solid coatings is accompanied by spontaneous
development of a regular pattern on their surface and
by the fragmentation of the coating. These phenom�
ena have a general character and are observed in all
“rigid coating on a soft substratum” systems, indepen�
dently of their scale. In all cases when such a system is
developed (either by deposition of thin coatings onto
polymers [3, 4] or in some natural processes [5]), its
deformation is accompanied by spontaneous develop�
ment of a regular surface pattern. These structural fea�
tures of “rigid coating on a soft substratum” systems
control the above phenomenon, whose mechanism
was described in detail in [6–9]. Note some of the fun�
damental structural features of “rigid coating on a soft
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substratum” systems: The thickness of the coating
should be negligibly small in comparison to the thick�
ness of the supporting material, and the elastic modu�
lus of the coating should be at least an order of magni�
tude higher than the elastic modulus of the supporting
material.

The proposed approach to estimating the mechan�
ical characteristics of nanothick coatings is based on
the earlier developed [6–9] correlation between the
parameters of the surface pattern formed owing to the
deformation of polymer films with coatings and the
characteristics of the materials of the coating and the
support. Estimation of the strain–strength character�
istics of nanoscale solids by the methods described in
[10, 11] were performed for coatings based on noble
metals deposited via ionic plasma sputtering. At the
same time, according to [12], the mode of deposition
of gold (ionic plasma deposition or thermal sputter�
ing) onto a PET�based support has a certain effect on
the structure and, thus, on the characteristics of the
deposited coatings. Note that the above formulated
conditions for the development of “rigid coating on a
soft substratum” systems are not limited by the nature
of a deposited coating, a circumstance that allows the
conclusion that the proposed approach [10, 11] can be
successfully used for the analysis of the strain–
strength characteristics of all coatings, including coat�
ings based on nonmetallic compounds.

In this context, the goals of this study are (i) to
investigate the effect of the nature of a nanothick coat�
ing and the mode of its deposition onto the polymer
support on the character of surface structuring
induced by the deformation of the PET�based poly�
mer support and (ii) to estimate the strain—strength
characteristics of coatings.

EXPERIMENTAL

In this study, we investigated the commercial films
based on amorphous unoriented PET with a thickness
of 100 μm. The samples were cut as dumbbell�shaped
specimens with a gage size of 6 mm × 20 mm. The sur�
faces of the above films were decorated with layers of a
trimethylsilyl�group�modified molecular silica sol
prepared according to the following scheme [13].

This product, called silica sol, is a soluble modifi�
cation of modified silica [14]. When silica sol is depos�
ited onto the support and the solvent is evaporated, an
amorphous coating based on modified silica is formed.
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Hereinafter, this coating is referred to as modified sil�
ica or m�silica. The polymer films coated with an
m�silica layer were prepared via immersion of the PET
film in a 3% solution of silica sol in heptane. The
thickness of the deposited coating was controlled by
the number of repeated immersions of the film in the
solution; this parameter was estimated from the weight
gain of the films before and after immersion in the sil�
ica sol solution. The solvent was removed from the
films by air drying until a constant weight was attained.

Thin carbon layers were deposited onto the film
surface via thermal vacuum sputtering. The thickness
of the carbon coatings was estimated according to the
following procedure. A test polymer film and a refer�
ence cover glass were placed in a Jee 4B vacuum sput�
tering unit (Japan Electron Optics Lab Co., Tokyo).
After deposition of the carbon coating via thermal
evaporation in vacuum, the carbon�coated glass plate
was scratched with a wooden stick and the depth of the
scratch was measured with a Nanoscope�2 atomic
force microscope (Digital Instruments, Santa Bar�
bara, United States) under the regime of contact
forces. The profilograms of the AFM images allowed
precise estimation of the thickness of the deposited
coatings. The structure of the deposited layers was
examined via the method of transmission electron
microscopy (TEM). The thickness of the supporting
polymer was high (~100 μm); hence, for the TEM
observations, the test films were sectioned into thin
slices with a thickness of ~100 nm by a Reichert–Jung
microtome with a diamond knife.

The tensile drawing of the films was performed on
an Instron�1122 universal tensile machine at 20 and
90°С. In the mechanical tests, the crosshead speed
was 10 mm/min. After stretching at temperatures
above the Тg of the polymer, samples fixed in the
clamps of the stretching machine were cooled to room
temperature and then released.

The structure of the surfaces of the stretched films
was examined on a Hitachi S�520 scanning electron
microscope, on a LEO 912AB transmission electron
microscope equipped with an OMEGA filter, and on a
Nanoscope�IIIa atomic force microscope. Numerical
values of the average dimensions of the fractured frag�
ments of the deposited coatings and the period of the
surface micropattern were estimated from the corre�
sponding electron microscopic images with the use of
the program FemtoScan Online [14].

The strength of the deposited coatings was calcu�
lated according to the relationship proposed in [10,
11]:

σ* = Lσ0/3h, (1)

where L is the size of the fractured fragment of the
deposited coating along the direction of tensile draw�
ing of the supporting polymer, h is the thickness of the
deposited coating, σ* is the strength, and σ0 is the
stress in the support.
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The tensile strain of the coating was estimated from
the following relationship [10, 11]:

(2)

Here, εcoating is the irreversible (plastic) tensile
strain of the coating, Lcoating is the sum of all lengths of
the fractured fragments of the deposited coating along
the direction of tensile drawing of the supporting poly�
mer, Loverall is the length of the fragment of the sample
for which Lcoating was measured, and λpolym is the tensile
strain of the supporting polymer. All details of the cal�
culation procedure have been described in [7–9].

RESULTS AND DISCUSSION

Nanothick Coatings Based on m�Silica

The main results of estimating the strengths of the
coatings according to the approach advanced in [6–9]
were obtained in our earlier studies for metallic coat�
ings.

According to the objectives of the study, coatings
based on m�silica were used; the mode of their deposi�
tion onto the PET�based films was described in Exper�
imental. Figure 1 shows the SEM images of the frac�
tured surface of the m�silica coatings deposited onto
the PET�based support after tensile drawing at 20°С
(a coating thickness of 77 nm) and 90°С (a coating
thickness of 100 nm). As follows from Fig. 1, the ten�
sile drawing of the PET films with the m�silica coating
is accompanied by the fracture of the coating and
entails, as in the case of tensile drawing of films coated
with metallic layers, formation of the fractured frag�
ments located in the direction perpendicular to the
axis of the tensile drawing of the polymer. For the rub�
bery state of the polymer support (the tensile drawing
of PET at 90°С), the fragmentation of the coating is
aggravated by the development of a surface micropat�

εcoating

Lcoating

Loverall

������������λpolym 1–=

tern in the form of a set of irregular folds located along
the direction of tensile drawing of the sample. Note
that, because of the tensile drawing of the PET film
with the m�silica coating (a coating thickness of
~100 nm), the formed surface pattern contains very
large folds and smaller fractured fragments of the coat�
ing. This fact is the main difference between the
behavior of the silica�based coatings and the behavior
of the metallic coatings, for which the dimensions of
the fractured fragments are comparable to the period
of the surface micropattern.

For the m�silica�coated PET films with different
coating thicknesses, the widths of the fractured frag�
ments on the surface were measured. Figure 2 presents
the average width of the fractured fragments of the
m�silica�based coatings plotted against the thickness
of the deposited coating at 20°С. As follows from
Fig. 2, similarly to the case of the metallic coatings,
with an increase in the coating thickness, the widths of
the fractured fragments increase. This outcome reveals
the general character of the studied phenomena of
fracture of the coating during tensile drawing of the
supporting polymer, independently of the nature of
the coating.

The results of our calculations according to the
proposed approach for the m�silica coating are dis�
played in Fig. 3, where coating strength is plotted
coating thickness. With a decrease in the thickness of
the deposited coating (below 150 nm), the strength
increases. If it is assumed that, at a high thickness, the
coating strength corresponds to the coating strength in
the bulk, it may be expected that the strength of the
modified silica coating is ~20 MPa.

In this context, note that a similar phenomenon
was observed for a coating based on silicon oxide
(unmodified silica) in [15]. Therefore, it is possible to
study the effect of the modification of silica on the
mechanical characteristics. In [15], according to the
analytical model and the derived equation, the
strength and the fracture energy for the initial stage of
the process were calculated. In the interval of low

3 μm 3.8 μm(a) (b)

Fig. 1. SEM images of the fracture of modified silica coat�
ings on a PET support after tensile drawing at (a) 20 and
(b) 90°С. The coating thicknesses are (a) 77 and (b)
100 nm. The direction of tensile drawing is shown by the
arrow.
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Fig. 2. Average width of the fractured fragments of the sil�
ica�based coating plotted against the thickness of the
deposited coating at 20°С.



306

POLYMER SCIENCE Series A  Vol. 53  No. 4  2011

PANCHUK et al.

thicknesses, the above parameters increase. Figure 4
shows the results of our calculations [15].

Similar data typical for the initial stage of fracture
of a silicon oxide coating deposited onto a PET sup�
port (a tensile strain below 2%) were reported in [16,
17]. The dependence of the cohesive strength and the
adhesive strength of an organosilicon coating on film
thickness was found. Note that the adhesive strength
characterizes the adherence between the coating and
the support. This parameter is measured during nor�
mal detachment or tangential shear in units of force
per area (MPa). The cohesive strength is the mechan�
ical strength of the material provided by molecular
cohesion under the influence of attractive forces
(forces of intermolecular interaction, hydrogen and
chemical bonding) acting between contacting surfaces
of two similar bodies. The presented data were
obtained also according to theoretical models that
relate the characteristics of the fracture of the coating
and the characteristics of the coating and the support.
The calculated adhesion approaches 75 MPa and does
not depend on the coating thickness. The cohesive
strength decreases with an increase in coating thick�
ness. Figure 5 shows the results of our calculations:
The strength decreases with an increase in the coating
thickness. Note that, relative to m�silica, the unmodi�
fied silica has a higher strength.

Therefore, independently of the nature of the
deposited coating (either modified or unmodified sil�
ica), the strength characteristics increase in the inter�
val of low thicknesses. Note that, in both cases, we are
dealing with an amorphous coating and, nowadays,
there is no literature evidence on theoretical predic�
tions of an increase in strength with a decrease in
thickness.

In addition to estimation of the coating strength
during its fracture, the proposed structural approach
makes it possible to calculate another important char�
acteristic of the coating: its plastic or tensile strain.
Therefore, we calculated the tensile strain of the m�sil�

ica coating achieved via the tensile drawing of the sup�
porting polymer.

Figure 6 shows the tensile strain plotted against the
thickness of the m�silica coating. As follows from
Fig. 6, with a decrease in the thickness of the coating,
the tensile strain of the silica coating increases.

The coating is ductile and its elongation at break is
lower than that of the supporting polymer; hence, the
coating can be studied in terms of the structural–
mechanical approach. Quantitative estimates of the
mechanical characteristics of m�silica were obtained.
In contrast to the conventional unmodified silica, this
coating is not brittle, but actually is composed of a
polymer with typical polymer mechanical characteris�
tics (low strength and high elongation at break).

20

200

σ*, MPa
40

400
h, nm

0

Fig. 3. Strength of the silica�based coating plotted against
the thickness of the deposited coating at 20°С.
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Fig. 4. (Open circles) Calculated strength of the film, σstr,
and (closed circles) the energy of fracture, Γ, for the
SiOx�based coating of the PET substrate. The calculations
are based on the measurements of the critical applied stress
at the initial stages of fracture of the coating.
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Fig. 5. Cohesive strength of the silica�based coating plot�
ted against its thickness.
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Nanothick Coatings Based on Amorphous Carbon

As was mentioned above, in this study, PET films
coated with a carbon layer were investigated also. Car�
bon was selected because, in contrast to the fracture of
metals capable of marked plastic strains (up to 50%)
[10, 11], its fracture is not accompanied by any
marked strains. In addition, carbon was selected
because the mode of its deposition (the thermal
method) is different from that of the metallic coating.
According to [12], the mode of deposition can control
the structure of the resultant material. In addition,
analysis of the nonmetallic coating deposited via some
alternative method is necessary to verify the universal
character of the proposed approach for estimating the
strain–strength characteristics of nanothick layers
deposited onto polymer supports.

Analysis of the characteristics of carbon films is
important as well from the viewpoint of diverse areas
of their practical application. Thin carbon layers are
promising materials for diverse biomedical applica�
tions, such as tissue regeneration, controlled drug
delivery, surface coatings for bone implants, and
improved immune protection. In addition, ultrathin
carbon films are used for analytical purposes [18].
According to [19], the presence of the carbon�con�
taining structure has a favorable effect on biocompati�
bility between polymers and living cells. Carbon layers
can possess different structures and can be deposited
via different methods; moreover, they can show differ�
ent characteristics. According to the literature data,
thermal sputtering makes it possible to produce thin
layers of amorphous carbon and their characteristics
depend on the sputtering conditions, in particular,
temperature [19].

Let us now consider the consequences of the tensile
drawing of the polymer film with the carbon coating.
Figure 7a shows the microscopic image of the surface
layer of the PET film with the carbon coating after ten�
sile drawing by 50% above the glass�transition temper�
ature of the supporting polymer. The coating breaks
down, and this breakdown is accompanied by forma�
tion of fractured fragments that appear as ribbons ori�
ented perpendicularly to the direction of tensile draw�
ing. In addition, a regular surface pattern related to the
side contraction of the polymer sample during tensile
drawing forms. Figures 7b and 7c present microscopic
images and AFM images (the corresponding cross sec�
tion and three�dimensional reconstruction) of the
carbon�coated PET films after tensile drawing at room
temperature. As follows from these data, because of
the tensile drawing of the sample at 20°С, the coating
detaches from the polymer matrix. Note that this peel�
ing occurs owing to the side contraction of the PET
film during tensile drawing. (The fragments of the reg�
ular surface pattern become detached.) At the same
time, the coating undergoes regular fragmentation.
This result indicates that adhesion is sufficient for the
fragmentation and that the proposed approach can be

used for estimating the strength characteristics of the
coating.

In this study, the structure of the carbon coating
was investigated. To this end, thin sections of PET
films with coatings of different thicknesses were exam�
ined. Figure 8 shows the typical cross section of a car�
bon�coated PET sample. The coating is continuous.
The integrity and continuity of the coating are con�
firmed by the fact that the tensile drawing of the sup�
porting polymer is accompanied by fragmentation of
the coating and by development of a surface pattern.
In particular, according to [20], if the coating is not
continuous, the tensile drawing of the coated polymer
sample entails no fragmentation and the particles drift
away from each other. In other words, the fragmenta�
tion of the coating occurs only when the coating is
continuous.

Prior to calculating the strength characteristics of
the coating, we studied the dependence of the param�
eters of the structure formed via tensile drawing on the
coating thickness. Figure 9 shows the average dimen�
sions of the fractured fragments of the carbon coating
plotted against the coating thickness after tensile
drawing at 90°С. The widths of fractured fragments
was analyzed only when the temperature of tensile
drawing exceeded the glass�transition temperature of
PET, because, as was mentioned above, the tensile
drawing of the sample at room temperature is accom�
panied by detachment of the coating from the polymer
matrix (Figs. 7b, 7c).

Despite a marked scatter in the experimental data,
the average size of the fractured fragments increases as
the thickness of the carbon�based layer increases. This
result agrees with Eq. (1) and justifies its use for esti�
mating the strength of the carbon coating.

Figure 10 presents the carbon�coating strength
plotted against the layer thickness. The data were
obtained according to Eq. (1). In the interval of low
thicknesses (5–15 nm), the tensile strength of the

40

200

ε, %

80

120

400
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Fig. 6. Ductility of the silica�based coating plotted against
thickness of the deposited coating at 20°С.
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Fig. 7. (a) Micrographs of the PET�based sample with the carbon coating with a thickness of 22 nm after tensile drawing in air by
50% at 90°C; (b) microscopic images of the PET�based samples with carbon coatings with a thickness of 40 nm after tensile draw�
ing in air at 20°С; and (c) the AFM image, the cross section profile, and the three�dimensional reconstruction of an individual
fractured fragment.

sample increases. For the layers with a thickness above
20 nm, the coating strength becomes constant.

Amorphous carbon without any admixtures of
other components (metals, hydrogen, etc.), as well as

amorphous materials with a certain structure (e.g., tet�
rahedral amorphous carbon [21, 22], amorphous dia�
mondlike carbon [23, 24]), can be obtained either as
films deposited onto substrates (e.g., onto silicon,



POLYMER SCIENCE Series A  Vol. 53  No. 4  2011

ESTIMATING THE STRAIN–STRENGTH CHARACTERISTICS 309

polymers) or as nanopowders. Films of amorphous
carbon are usually processed via the methods of ther�
mal vacuum deposition from the vapor phase, such as
arc discharge, sputtering of particles, pulse laser depo�

sition [19]. The nanopowders based on amorphous
carbon are prepared under high pressure from other
modifications of carbon, such as graphite [25] and ful�
lerite [26]. There are no detailed and correct literature
data on the strength of coatings based on amorphous
carbon. An analysis of the mechanical characteristics
is primarily reduced to estimation of Young’s modulus
and the rigidity/hardness of the samples via the
method of nanoindentation or computer�aided simu�
lation. Several studies focused on finding the depen�
dence of the above characteristics on the indentation
depth corresponding to the penetration of the plunger
of a nanoindentor into the sample rather than on the
thickness of the deposited coating layer [19, 27, 28].
Therefore, the data presented in the current study are
pioneering results on this estimation.

CONCLUSIONS

The general scenario of fragmentation and devel�
opment of the surface pattern of m�silica and carbon
coatings on a PET support has been studied. The sce�
nario of the fracture of the coatings is similar to the
structuring of metallic coatings deposited onto the
polymer support via tensile drawing of the sample. The
mechanical characteristics of m�silica and carbon
coatings in nanothick layers have been estimated
according to the microscopic technique of fragmenta�
tion. The proposed approach for estimating the
mechanical characteristics of solids in nanothick lay�
ers has a universal character and may be applied for
coatings of diverse natures (polymer or inorganic).
Although the causes of the increase in the strength in
the interval of low thicknesses of the coating remain
vague, both strength and ductility increase, a result
that is common for various nanothick coatings depos�
ited onto polymer films.
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