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Transition from the micro- to nanoscale range of
characteristic sizes considerably changes the physical,
mechanical, physicochemical, and other properties of
the material. New investigation methods capable of
supplying reliable data on the properties of nanomate-
rials become significant in this context. Although data
on the properties of nanomaterials are of paramount
importance, this problem is far from being solved.
Indeed, it is difficult to understand how conventional
methods can test the properties of a solid body whose
geometric sizes are several or tens of nanometers. Most
data on the mechanical properties of substances in this
state is supplied by indentation techniques [3–5]. These
approaches, however, have several methodological
weaknesses. In particular, they cannot really evaluate
the important parameters of solids, such as Young’s
modulus, the breaking extension, or the breaking stress
(tensile strength).

This work demonstrates a new approach to evaluat-
ing the strain–strength properties of nanomaterials, i.e.,
materials that contain structural elements whose geo-
metric sizes, at least in one direction, do not exceed
100 nm.

Thin metal coatings on polymer substrates are cer-
tainly such objects.

EXPERIMENTAL

A commercial film of amorphous, unoriented poly-
ethylene terephthalate (PETP) 100 

 

µ

 

m thick was used
in this work; samples were cut from this film in the
form of bilateral spatulas with their working part equal
to 6 

 

×

 

 20 mm. Thin gold or platinum layers were
applied to the surface of a sample using plasma-ion
deposition on an Eiko IB-3 setup. To ascertain the
thickness of the metal coating on the polymer, it was
determined as a function of the time of deposition onto
glass plates under standard conditions. This was done

as follows. Gold or platinum layers with various thick-
nesses were deposited, by varying the deposition time,
onto glass plates; then, the coating on glass was
scratched with a wooden spike. The break in the coating
was studied with a Nanoscope-2 (Digital Instruments)
atomic-force microscope (AFM) in the contact force
mode. We should note that the same procedure, with a
polymer substrate instead of the glass one, did not give
the desired result. The polymer surface was too ductile;
the wooden spike scratched it to a large depth, and it
was impossible to ascertain the film thickness.

Representative results of this evaluation are as in
Fig. 1. The light part in the micrograph on the left rep-
resents a gold layer; the dark part on the right is the
glass surface. The break in the coating is clearly
detected by AFM (Fig. 1a); the corresponding profilo-
gram (Fig. 1b) gives an estimate of the coating thick-
ness with a rather high accuracy. The coating thickness
versus time data were subsequently used to deposit the
desired gold or platinum thickness onto a PETP film.

Dynamometric measurements were carried out
using an Instron-1122 dynamometer. The surface struc-
ture of strained polymer films with metal coatings was
studied with a Hitachi S-520 scanning electron micro-
scope (SEM). The average sizes of destruction frag-
ments of the coatings were derived by digitizing elec-
tron micrographs using Femtoscan Online software [6].
The structure of the metal layer was studied on ultrafine
(100-nm) sections cut by a diamond knife on a
Reichert-Jung microtome using a LEO 912AB trans-
mission electron microscope (TEM) equipped with an
OMEGA filter.

SCIENTIFIC RATIONALE AND PRINCIPLES 
OF THE METHOD

The rationale for developing the new method of evalu-
ating the strain–strength properties of thin (nanometer-
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thick) metal layers was provided by recent studies of
the structural-mechanical behavior of polymer films
with a thin solid coating [7–10]. These studies revealed
a correlation between the mechanical properties of
metal layers and reliable structure data.

Let us consider the theoretical basis for the proposed
method in more detail. In [7–10], the surface of poly-
mer films with thin solid coatings after straining was
studied by electron microscopy. Figure 2 displays elec-
tron micrographs of the surface relief of polymer films
with thin metal coatings after their uniaxial stretching.
The values of the strain are indicated in the figure leg-
end. Light bands are fragments of the destructed coat-
ing; dark ones are cracks in it. It is well seen that the
destruction of the coating on the polymer substrate gen-
erates an ensemble of fragments with rather uniform
sizes. In the context of this article, we believe it neces-
sary to briefly describe the mechanism of regular frag-
mentation of the coating during the stretching of the
polymer substrate.

MECHANISM OF REGULAR FRAGMENTATION 
OF COATINGS

The regular fragmentation of a hard coating is due to
the specifics of transfer of mechanical stresses from the
ductile substrate to the hard coating though the inter-
face. Here, we should note that the character of regular
fragmentation of the coating depends, in particular, on
the mechanism of substrate straining. It is well known
that polymer films can be strained uniformly (affinely,
i.e., as rubbers) or nonuniformly (as glassy or crystal-
line polymers). In the latter, an intact, unstrained poly-
mer fragment and a strained, oriented polymer frag-
ment (a so-called neck) continuously coexist during
straining. In spite of the fact that the fragmentation of
the solid coating in both cases occurs regularly, this reg-
ularity is achieved by the different mechanisms [11].

Regardless of whether a ductile substrate is strained
uniformly or not, the average size (

 

L

 

) of a destruction
fragment in the direction of the extension axis is equal
to [9, 12]

(1)L 2hσ*/σ0,=

 

Fig. 1.

 

 AFM image and the corresponding profilogram for a glass surface coated with a thin gold layer.

 

Fig. 2.

 

 SEM micrographs of films: (a) natural rubber with a thin (10-nm) gold coating after 50% extension at room temperature,
(b) polyvinyl chloride with a thin (10-nm) platinum coating, and (c) PETP with a thin (15-nm) platinum coating after 100% exten-
sion at 90

 

°

 

C.
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where 

 

h

 

 is the coating thickness, 

 

σ

 

* is the yield strength
of the coating, and 

 

σ

 

 is the stress in the substrate.
Thus, the strain in a polymer with a thin solid coat-

ing makes it possible to relate the tensile strength (an
essential parameter of a solid) to the average size (

 

L

 

) of
destruction fragments generated by straining polymer
films coated with a thin solid layer. The specified aver-
age fragment size is easily determined in direct micro-
scopic experiments (Fig. 3). Evidently, relationship (1)
provides the basis for a simple and straightforward
method of evaluating the strain–strength properties of
solids in layers of any thickness, including the nanom-
eter range.

EVALUATION OF PLASTIC STRAIN
IN COATINGS

The potential of the approach developed in [7–12] is
not exhausted by the evaluation of the strength of solid
nanomaterials. Deposition of coatings onto polymer
films followed by their deformation offers a means for
the direct determination of the plastic strain, another
important mechanical parameter of coatings.

In [12, 13], a method was developed for the determi-
nation of plastic strains in metal coatings on polymer
films using direct microscopic data.

Let us consider the electron micrograph in Fig. 3,
which demonstrates a representative fragmentation pat-
tern of a metal coating during the stretching of a poly-
mer substrate. Evidently, the sum of the lengths of
metal (or any other) fragments of the destroyed coating
in the direction of the extension axis is as follows:

 

L

 

coat

 

 = 1 + 

 

ε

 

coat

 

, where 

 

ε

 

coat

 

 is the irreversible (plastic)
strain in the coating. For the same sample (or some its
fragment) in which 

 

L

 

coat

 

 was measured, its total length
is evidently as follows: 

 

L

 

tot

 

 = 1 + 

 

ε

 

 (

 

ε

 

 is the strain in the
polymer substrate, which is set by the tensile machine).
Then,

Here, 

 

λ

 

coat

 

 and 

 

λ

 

pol

 

 are the degrees of extension of the
coating and substrate, respectively. Therefore, the tar-
get value of plastic strain is

If the irreversible (plastic) strain 

 

ε

 

coat

 

 is expressed in
percent, then

(2)

From Eq. (2), the plastic strain of the coating can be
found by directly digitizing micrographs, i.e., measur-
ing 

 

L

 

coat

 

, the sum of the lengths of coating fragments in
the extension direction; 

 

L

 

tot

 

, the total length of the sam-
ple for which 

 

L

 

coat

 

 was measured (Fig. 3); and 

 

λ

 

pol

 

, the
known strain of the polymer substrate set by the tensile
machine.

Blanks showed that the plastic strain of a carbon
coating, 

 

ε

 

coat

 

, for the 60% extension of a PETP substrate
at 90

 

°

 

C is zero [12, 13]. This result proves that, first, the
carbon film is incapable of noticeable inelastic strain-
ing and, second, relationship (2) makes it really possi-
ble to estimate the plastic strain of a thin coating during
inelastic stretching of a polymer substrate.

Equations (1) and (2) were supported experimen-
tally [14]. The good agreement between theory and
experiment validates the postulated mechanism of sur-
face structuring during the straining of a coated poly-
mer film.

YIELD STRENGTH AND DUCTILITY 
OF THIN (NANOMETER-THICK) SOLID LAYERS 

AS PROBED BY DIRECT MICROSCOPY

Let us consider the results of strength determination
in thin (nanometer-thick) layers using relationship (1).

Figure 4 exhibits the yield strengths of platinum and
gold found from relationship (1) as functions of the
thickness of the metal layer on a PETP film. From
Fig. 4, the strength of both metals is virtually indepen-
dent of their thickness in the range from 30 to ~15 nm.
The strength values in this range of thicknesses are 180
to 220 MPa for gold and 250 to 300 MPa for platinum,
quantitatively matching the known values of the bulk
strength for the metals studied (176–250 MPa for gold
and 240–352 MPa for platinum [15]). At the same time,
the strength considerably increases with decreasing
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Fig. 3.

 

 Scheme used to calculate plastic strains in a solid
coating after the extension of a polymer substrate.
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coating thickness starting at about 15 nm. The strength
values for platinum reach 1500–1700 MPa; for gold,
they exceed 3500 MPa (Fig. 4). One can see that the
metal strength in nanolayers is at least one-tenth of an
order of magnitude of the strength of the bulk material.

The efficient and universal method for evaluating
the strength of thin (nanometer-thick) solid layers esti-
mates their breaking strength in layers of virtually any
strength. This result is the first quantitative estimate of
the uniaxial tensile strength of metals in such thin layers.

The deposition of nanocoatings on polymers offers
a means for estimating their plastic strength from
direct microscopic measurements with the use of rela-
tionship (2).

Let us consider some examples to illustrate the util-
ity of relationship (2) for estimating the plastic strain of
a hard thin coating during the extension of a polymer
substrate. Figure 5 displays the plastic strain calculated
from relationship (2) for gold (panel a) and platinum
(panel b) coatings strained at room temperature (with
necking) and at 90

 

°

 

C (100%).
One can see that the plastic strain increases substan-

tially in the range of nanometer coating thicknesses. We
should note that this is a universal phenomenon: the
plastic strain of a metal does not depend on its nature in
any noticeable way; in both cases, the plastic strain
increases considerably when the metal layer thickness
is less than 15 nm.

The plastic strain is also affected by the stress and
strain levels in the polymer substrate (Fig. 5). The
PETP substrate at 90

 

°

 

C (above its glass-transition tem-
perature) yields at rather low stresses (Fig. 5, curves 

 

2

 

).
At room temperature, PETP is glassy, and it is strained
at sufficiently high stresses in the forced elasticity
mode. Above its glass-transition temperature, the poly-
mer is strained uniformly; in the experiment whose
results are illustrated by Fig. 5, the polymer extension

is 100%. Below its glass-transition temperature, PETP
is strained nonuniformly, and its natural extension (in
the neck) is about 320%. Both factors (the tensile stress
of the polymer substrate and the value of its strain)
enhance the rise in the plastic strain of the metal coating
[12, 13].

Thus, a decrease in the metal coating thickness to
the nanometer range leads to a considerable and simul-
taneous rise in its tensile strength and plastic strain in
the extension of the polymer substrate.

The above results require separate discussion; sev-
eral works [16, 17] showed that nanostructured materi-
als, although demonstrating high strength and hardness,
are frequently brittle and have low ductility. The com-
bination of high strength and ductility in one material is
extraordinary, as follows from our data.

SUGGESTED REASONS 
FOR THE COMBINATION OF HIGH STRENGTH 

AND DUCTILITY IN THIN 
(NANOMETER-THICK) METAL COATINGS

Let us discuss a possible mechanism of the phenom-
ena discovered. Increased strengths of crystalline solids
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 Yield strength of (1) gold and (2) platinum coatings
calculated from Eq. (1) vs. coating thickness in straining of
a PETP substrate at 20

 

°

 

C with a loading velocity of
0.2 mm/min.
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 Plastic strain of (a) gold and (b) platinum vs. coating
thickness during in straining of a PETP substrate (

 

1

 

) at
room temperature with necking and (

 

2

 

) at the substrate tem-
perature equal to 90

 

°

 

C with 100% extension at a loading
velocity of 10 mm/min.
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are, as a rule, associated with the reduction in grain size
to nanoscale dimensions [18]. In this context, many
researchers have concentrated their efforts to create a
fine-grained structure in crystalline bodies, in particu-
lar, metals. One method for generating such nanostruc-
tures is intense plastic straining [19], which can be
implemented by creating high shear strains under the
condition that the volume of the strained materials
remains unchanged. These conditions can be generated
by torsional strains in cylinder-shaped billets, with
hydrostatic pressure simultaneously applied for avoiding
cracking and pore generation in the material [20, 21].
Such strains make it possible to generate uniform fine-
grained structures with mean grain sizes of 100–200 nm.
The above-described treatment, generating a fine-
grained structure, strongly affects the strain–strength
properties of the material. The yield strength and hard-
ness rise with decreasing grain size due to the appear-
ance of extra grain boundaries, which hinder the migra-
tion of dislocations; inasmuch as nanometer grain sizes
are reached, the rise in strength is due to the low density
of extant dislocations and the difficult generation of
new ones. A possible reason for this phenomenon is
that the plastic strain mechanism associated with the
generation and migration of dislocations is not always
operative in nanosized grains [22].

The grain sizes and shapes are very important
parameters, but not unique ones, to ensure the appear-
ance of new properties in nanostructured materials. The
grain-boundary structure is also of importance. In par-

ticular, high internal stress levels were noticed in metals
subjected to intense plastic straining as a result of high
defect densities inside crystals and along their bound-
aries [23]. The creation of nanometer-thick coatings on
polymer films is, in fact, a method for controlling the
grain sizes intrinsic to metal structures. We repeat here
that metal-grain fining to the specified (nanometer)
sizes leads to a considerable rise in mechanical param-
eters, in particular, yield strength.

In this context, the results of recent studies that dis-
covered the combination of a high yield strength and
ductility in crystalline nanosystems are of particular
importance [24–26]. In [27], nanostructured copper
was obtained using a special temperature and force
treatment, with the bimodal structure composed of
micron-sized grains (their volume fraction was 25%)
surrounded by nanometer-sized grains. This material
retained its high ductility in combination with high
yield strength. Similar results were obtained by imple-
mentation of a bimodal structure in zinc [28], copper
[29], and an aluminum alloy [30].

Another approach to increasing the ductility of
nanostructured materials was demonstrated in [31]. The
underlying idea of this approach is as follows: disperse
particles of secondary phases are generated in a nano-
structured metallic host to change the propagation of
the slipping band during straining, thus increasing duc-
tility.

Still another approach is to generate an ultrafine-
grained structure with certain types of grain bound-
aries. For example [32, 33], the generation of high-
angle and nonequilibrium grain boundaries can provide
for intergrain slipping in plastic strain even at room
temperature. It was demonstrated [34] that the rise in
the yield strength and, simultaneously, ductility of the
nanostructured material is influenced by low-tempera-
ture annealing (for titanium, at ~300°C). The rise in the
yield strength and ductility in this experiment is due to
the increased rate sensitivity. An increased rate sensitiv-
ity is an indicator of viscous flow and a key factor in the
superductility of nanostructured materials [35, 36].
However, this postulate also agrees with the develop-
ment of grain-boundary slipping [37, 38].

The increased ductility of nanostructured materials
is thought to arise from the change of the strain mecha-
nism from dislocation creep to grain-boundary slip-
ping. Grain-boundary slipping is a diffusion-controlled
process, which is usually observed only at high temper-
atures. It is believed that nonequilibrium grain bound-
aries with far higher diffusion rates exist in nanostruc-
tured materials. Experiment shows that diffusion coef-
ficients in nanostructured materials manufactured by
intense plastic straining are considerably (two- to three-
tenths of an order of magnitude) higher than ordinary
values, because of the nonequilibrium state of grain
boundaries [39, 40]. Possibly, grain-boundary slipping
in nanostructured materials is easier in straining even at
low temperatures, making these materials more ductile.

200 nm

Fig. 6. TEM micrograph of an ultrathin section of a 10-nm
gold coating on PETP. 
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High ductility in nanostructured materials is
ensured by their specific fine-grained structure. The
results of the above-cited studies show that bulk nano-
structured metals can, in principle, combine high yield
strengths with ductility. This occurs in cases where a
specific fine-grained structure of the metal is generated
with certain types of grain boundaries. The solid-coat-
ing-on-polymer-substrate system under consideration
can also have some structural features required for the
aforementioned combination of properties.

Transmission electron microscopy was used to
highlight the structural features of nanometer coatings
on polymer films. Representative results of these stud-
ies are illustrated by Fig. 6. The TEM micrographs
demonstrate the fine-grained structure in metals applied
to a polymer substrate by plasma-ion deposition. Grain
sizes in such nanolayers range from several nanometers
to several tens of nanometers depending on the coating
thickness. In the small thickness range, i.e., where the
ductility of metals increases, the coating is, in fact,
some nanocomposite in which very fine metal crystal-
lites alternate with polymer interlayers. Likely, this
morphology enhances the change in the metal deforma-
tion mechanism from dislocation creep to intergrain
slipping, thus increasing the plastic strain.
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