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INTRODUCTION

Deposition of a thin metallic or semiconducting
layer onto the surface of polymer films allows prepara-
tion of materials with new valuable properties. In par-
ticular, such films can be used as packaging materials or
flexible mirrors, as well as oxygen-proof, sensory, mag-
netic, or conducting materials [1–8]. However, when a
polymer film with a rigid surface layer is subjected to
deformation or thermal treatment, the deposited coat-
ing may break down and its monolithic structure may
be disrupted. To determine the safe interval of service
conditions for such materials, it is necessary to gain
clear knowledge concerning the mechanism of fracture
in rigid coatings deposited onto polymer substrates and
to study the effect of the nature of both polymers and
coating materials on this process.

Furthermore, deformation of polymers with a thin
rigid coating under certain conditions leads not only to
breaking of the surface layer into separate fragments
but also to the formation of a regular surface microto-
pography; as a result, such materials acquire other valu-
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able properties [9–15]. For example, such systems are
able to provide definite orientation of molecules in liq-
uid crystals, while imparting novel optical properties to
the resultant materials [8, 16].

The common features and distinctions in the sur-
face-layer structure of polymer samples with a thin
rigid metallic coating during their stretching at temper-
atures above and below 

 

T

 

g

 

 has been described in our
earlier studies [10, 14, 17]. The mechanisms of frag-
mentation and topography formation in the surface
layer of coatings that are deposited onto rubbery poly-
mer substrates subjected to stretching have been
described in detail [9, 10, 14]. However, when the poly-
mer substrate is stretched at temperatures below 

 

T

 

g

 

, the
coating fragmentation mechanism is known to a lesser
extent. The objective of this study is to investigate the
fracture mechanism of a thin metallic (platinum or
gold) coating during uniaxial stretching of amorphous
glassy PET. This study also attempts to answer the
question about the existence of fundamental differ-
ences between the mechanisms of coating fragmenta-
tion on a glassy polymer and fragmentation during
deformation of a polymer above 

 

T

 

g

 

 (the case studied
earlier).
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Abstract

 

—The mechanism of fracture is studied for a thin metallic (platinum, gold) coating deposited onto the
surface of glassy poly(ethylene terephthalate) that is subjected to uniaxial stretching. The structure of the sur-
face layer in the deformed polymer and the size distribution of the fragments produced by fracture are analyzed.
Fragmentation of the coating is shown to take place in a narrow region between the undeformed polymer and
the forming neck. Examination of this region allows one to distinguish two different stages of fracture. At the
initial stage, the deposited coating randomly breaks down into fairly large fragments. In the region of main ori-
entational transformation of the polymer (in the zone of the forming neck), the predominant mechanism of frac-
ture in the coating is breaking of large fragments formed at the first stage into two equal parts. This mechanism
of fragmentation is shown to be universal and independent of the nature of the metal.
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EXPERIMENTAL
In this study, we investigated commercial films of

amorphous unoriented PET with a thickness of 100 

 

µ

 

m.
The samples were cut in the form of dumbbells with a
gauge size of 6 

 

×

 

 20 mm. The surfaces of the polymer
films were decorated with thin platinum or gold layers
via Eiko IB-3 sputtering equipment. The thickness of
the deposited layer was controlled by the deposition
time and ranged from 2.7 to 27 nm. Then, the test films
were stretched at a strain rate of 0.2 mm/min using an
Instron-1122 dynamometer. The structure of the films
was studied using a Hitachi S-52 scanning electron
microscope and a Nanoscope-111a atomic force micro-
scope (Digital Instruments, Santa Barbara, United
States) in the contact scanning mode. The numerical
values of the mean dimensions of the fractured coating
fragments were estimated from the corresponding SEM
and AFM images with the use of the Femtoscan Online
software.

RESULTS AND DISCUSSION
In [18, 19], the possible mechanisms responsible for

the fracture of a rigid coating on a pliable substrate
were theoretically analyzed for rubbery polymers. In
the case of uniform deformation of the polymer sub-
strate, fragmentation of the coating at early stages of
deformation (at low tensile strains of the polymer sub-
strate) is primarily determined by surface microdefects,
which are known to exist in any real solid and to initiate
fracture of the coating at their localization sites. Such
defects are randomly distributed in the coating; hence,
the induced fracture of the coating is also irregular and
random. However, this initial stage of random fracture
is followed by a highly intriguing and unique process,

where each fractured fragment experiences further
breakdown.

The point is that, after this initial stage of random
fracture of the coating, the process of substrate stretch-
ing still develops and each fractured fragment remains
under the action of a tensile stress. The stress distribu-
tion in each fractured fragment is highly nonuniform.
Evidently, the stress at the ends of each fragment is
zero. With increasing distance from the ends, the stress
in each fractured fragment increases; precisely at the
center of the fragment, it attains the maximum value.
Figure 1 shows the schematic representation of stress
distribution in the separate fragments of a coating dur-
ing tensile drawing of the polymer substrate.

As the tensile strain of a rubbery polymer is
increased, the stress in the sample also steadily
increases. Therefore, the stress in each separate frag-
ment becomes higher and equal to the strength of the
coating. This stress level is at first attained precisely at
the center of the fragment. As a result, this behavior
leads to the fascinating process where the fracture of
the coating proceeds via disintegration of each frag-
ment into two equal parts. This mechanism of fracture
is active while the soft and compliant substrate is able
to transfer a stress exceeding the strength of the coating
to fragments of the coating. Once the dimensions of all
fragments become so small that the substrate is no more
capable of transferring the breaking stress to them, this
disintegration process is terminated. For the above rea-
sons, the dimensions of the fragments finally become
more or less equal to each other and the resultant size
distribution of the fractured fragments formed on the
surface of the polymer substrate is very narrow. Hence,
one can conclude that fracture of a coating on a rubbery
polymer substrate proceeds via both random fracture
and disintegration of the fragments into two parts.

As is known, deformation of amorphous polymers
below their glass transition temperature is not uniform
and transition of the polymer into the oriented state
takes place via the formation and growth of either necks
or crazes.

Fragmentation of a coating during nonuniform
deformation of the polymer substrate (PET) below 

 

T

 

g

 

and, in particular, during its stretching in the presence
of adsorption-active liquid media via the classical craz-
ing mechanism was studied in [15]. In this case, poly-
mer deformation is observed within specific local
regions referred to as crazes. Crazes are separated by
regions of the undeformed polymer, which are gradu-
ally transformed into crazes as the latter expands. Frag-
mentation of the coating takes place within the narrow
boundary between a craze and a region of the unde-
formed bulk polymer. In this case, one can observe the
formation of long thin strips of virtually equal widths,
which are oriented strictly perpendicular to the direc-
tion of tensile drawing and parallel to each other. The
mechanism of fragmentation is assumed to consist in
detachment of equal-size fragments from edges in the
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Fig. 1.

 

 Schematic representation of stress distribution
in a fragment of a coating during tensile drawing of
the polymer substrate. 

 

X

 

0

 

 is the size of the fragment.
Arrows show the direction of stretching.
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boundary region between a craze and the undeformed
polymer.

The mechanism of coating fragmentation during
nonuniform polymer deformation (via necking) at tem-
peratures below 

 

T

 

g

 

 has not yet been studied from this
standpoint. Deformation of a polymer sample via craz-
ing during drawing in adsorption-active media and
deformation of a polymer in the air via necking have
many common features. In both cases, the character of
deformation is highly nonuniform and the resultant
structure contains coexisting regions of locally oriented
and unoriented polymer. Hence, one can also expect
many common features in the mechanisms of coating
fragmentation during tensile drawing of polymer sub-
strates according to these two different deformation
modes.

However, in addition to many similar features, there
are certain differences between fragmentation of the
coating in a neck and in crazes [15, 17]. The coating
fragments in the neck region have a less uniform size
distribution and are located at a certain angle with
respect to the axis of tensile drawing of the polymer
substrate. Furthermore, Fig. 2 presents an AFM image
where fracture (into two parts) of some fragments
formed during uniaxial stretching of a glassy PET sam-
ple with a platinum coating is seen to begin in their cen-
tral regions. This observation implies that the possibil-
ity of the coating fracture via disintegration into two
parts is not excluded even during deformation of a
glassy polymer that is accompanied by neck formation.

Since the transition of a glassy polymer into the ori-
ented state takes place precisely in the region of the
neck, let us first consider fragmentation of the metallic
coating in this region. Under uniaxial stretching of
glassy PET, the zone of the forming neck is rather nar-
row. To expand this region and to study the beginning
of the fracture process in the coating, we used the fol-
lowing technique. Films with a thin platinum coating
were stretched by 15% at 90

 

°

 

C and then stretched again
in the perpendicular direction at 20

 

°

 

C. In this case, the
secondary drawing was accompanied by necking and
the region of neck formation was fairly wide.

As is known, deformation of a glassy polymer is
largely controlled by the initial content of defects. Evi-
dently, disintegration of the coating into individual
fragments at the first moment of neck formation will
also proceed randomly (via the detachment mecha-
nism) at stress concentration sites. However, both the
width and the thickness of the sample in the region of
the originating neck sharply decrease at the same time;
this decrease corresponds to the natural draw ratio of
polymer, and the true tensile stress in the region of the
forming neck increases. If this stress exceeds the
strength of the coating in the central part, further disin-
tegration of the metal takes place and this process will
develop until the cross section of the sample ceases to
change and the tensile stress during further stretching
becomes invariable.

Figure 3 presents the SEM image characterizing the
surface structure of a PET sample with a deposited
metallic coating after stretching by 15% at 90

 

°

 

C. As is
seen, fracture of the coating at this low tensile strain
proceeds randomly owing to activation of defects at
stress concentration sites. As a result, the coating devel-
ops randomly distributed cracks, which are oriented
perpendicular to the direction of stretching. Further-
more, even at low tensile strains of the polymer, stretch-
ing is accompanied by the formation of surface micro-
topography that is oriented along the direction of
stretching. This pattern of fragmentation and topogra-
phy formation in the coating was observed in [9–15].

Secondary stretching of a polymer sample with a
deposited coating was performed at 20

 

°

 

C in the direc-
tion perpendicular to the direction of primary stretch-
ing, and a neck was formed as a result. Figure 3b shows
the structure of the polymer surface in the region of
necking. As is seen in the SEM image, where the cen-
tral part characterizes the region of the forming neck,
cracks in the coating formed during the first drawing
are preserved but one can also observe further disinte-
gration of the metal, and the direction of secondary
cracks is perpendicular to the direction of primary
cracks, which were formed during stretching at 90

 

°

 

C.
As follows from this SEM image, nucleation of second-
ary cracks in the region of the forming neck is also ran-
dom. In this case, the coating breaks down into frag-
ments whose orientation is perpendicular to the direc-
tion of secondary stretching and whose length is limited
by primary cracks. Such fragments are characterized by
fairly nonuniform widths. However, one can clearly see
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Fig. 2.

 

 AFM image of a surface fragment of a PET
film with a thin (10.7 nm) platinum coating after
stretching at 

 

20°ë

 

 with a strain rate of 0.2 mm/min.
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that, during necking, their dimensions tend to decrease
further as the coating breaks down into numerous
smaller fragments. Finally, in the region of the fully
developed neck (Fig. 3c), the width of the metallic frag-
ments is virtually uniform and their dimensions remain
unchanged.

Note that earlier studies analyzing the mechanism of
fracture of a thin rigid coating on a polymer substrate or
in similar fiber-filled polymer systems usually consider
the average dimensions of the fractured fragments.
Analysis of the size distribution of these fragments

allows the gain of far more complete information con-
cerning fracture processes in the coating during deforma-
tion of the polymer substrate. Nevertheless, such analysis
has been made in only a few publications [18, 19] and
confirmed mainly for deformation of PET samples with
a thin aluminum coating.

To unambiguously answer the question about the
actual predominant mechanism of the coating fragmen-
tation during tensile drawing of a glassy polymer that
deforms via necking, statistical analysis of fragment
widths was performed, the corresponding size distribu-
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Fig. 3.

 

 SEM images of a PET film with a platinum coating with a thickness of 5.4 nm (a) after its uniform deformation
by 15% at 90

 

°

 

C and (b, c) after its repeated stretching at 20

 

°

 

C in the direction perpendicular to the direction of primary
stretching: regions of (b) neck nucleation and (c) the formed neck.
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tion curves were plotted, and their relative variances
were estimated.

As was shown earlier [18, 19], random fracture of a
coating leads to a wide width distribution of the frag-
ments with a relative variance close to unity. This
mechanism of fracture is most probable at early stages
of tensile drawing of PET at 90

 

°

 

C, when the polymer
exists in the rubbery state. When fracture of fragments
proceeds via their disintegration into two equal parts,
the corresponding width distribution is narrow and the
relative variance is ~0.2.

In this study, the width distribution of fragments of
platinum or gold coatings deposited on a PET substrate
is analyzed. Stretching was performed at room temper-
ature, where PET exists in the glassy state. Figure 4
presents the typical size distribution curve of platinum
fragments for a PET sample stretched at 20

 

°

 

C. The
thickness of the deposited platinum layer was 5.4 nm.
As is seen, the width distribution of the fragments is
fairly narrow and shows a distinct maximum. The rela-
tive variance of this distribution is 0.35. Note that PET
films with a thin deposited gold layer (14 nm) under the
same stretching conditions are characterized by a simi-
lar fragment size distribution. The relative variance of
this distribution is 0.27.

This observation implies that, during stretching of
glassy PET, fragmentation of a rigid coating primarily
proceeds via disintegration of each randomly formed
fragment into two equal parts.

The fragment width distribution curves were plotted
for glassy PET films with different thicknesses of the
deposited platinum layer. Irrespective of the thickness
and nature of the metallic layer (platinum or gold) on
the surface of the polymer film, the width distribution
of the fragments turned out to be similar for all samples
under study and had a relative variance of 0.31–0.38.

It seems that processes in the narrow region between
the unoriented polymer and the neck (which propagates
along the sample during its deformation) have a mech-
anism that is similar to that observed during fragmenta-
tion of a polymer on a rubbery substrate. The transition
region between the neck and the undeformed part of the
polymer sample has a complex geometry. Within this
region of a deforming polymer film, the thickness of the
sample sharply decreases. As a result, the initially even
film surface becomes sharply bent and the coating
experiences cracking (detachment) with the formation
of fairly long fragments with different widths. After the
primary cracking, the polymer becomes stretched in
this narrow transition region. Apparently, it is during
this process that fragmentation of the coating via disin-
tegration of primary fragments into two equal parts
takes place. The resultant size distribution of the coat-
ing fragments is narrow, as is typical of this fragmenta-
tion mode.

So, plastic deformation of glassy PET with a rigid
metallic coating is accompanied by fracture of the sur-

face layer in the region of the forming neck. Nucleation
of initial cracks is random; however, the predominant
mechanism is disintegration of fragments into two
equal parts and the final width of the fragments is con-
trolled by this mechanism. In conclusion, note that a
similar mechanism of coating fragmentation was also
proposed for uniaxial stretching of PET at temperatures
above its 

 

T

 

g

 

. However, the width distribution of frag-
ments formed during tensile drawing of glassy PET is
narrower and has a smaller relative variance, thereby
indicating a more marked influence of the mechanism
of fragment disintegration into two equal parts.

We express our sincere gratitude to S.L. Bazhenov
for fruitful discussion and valuable comments.
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