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RESUMEN

Se presentan resultados experimental es sobre fractura tensional de capas delgadas metélicas sobre una base sintética. La
geometria de las fracturas presenta anal ogias con €l relieve del fondo marino en regiones de extension.

PALABRAS CLAVE: Tectonica experimental, fracturatensional.

ABSTRACT

Nucleation and devel opment of microrelief and fragmentation of coating under tensile extension of polymer films coated
with athin rigid layer is studied, and the mechanisms responsible for the development of both types of structures are discussed.
The development of regular folding is controlled by compression-induced buckling instabilitiesin arigid coating on acompliant
support. Parallel cracks are due to features of mechanical stress transfer from a soft substratum to arigid coating via an interface.
Micro-relief issimilar to relief of the oceanic floor in the vicinity of mid-oceanic ridges. We suggest that the young oceanic crust
and the upper mantle may behave as a solid coating on a soft basement system.

KEY WORDS: Experimental tectonics, tensional fracture.

INTRODUCTION

The areas adjacent to ocean ridges are the youngest re-
gions of the Earth’s crust. These regions are characterized
by arelief with a peculiar structure. Figure 1 shows a seg-
ment of the map of the northwestern Pacific (Heezen and
Tharp, 1977). The ocean floor showsawavy relief with regu-
lar transform faultsin the direction of spreading.

The process of relief generation may be controlled by
severa factors, which are common to a solid coating on a
soft substrate. In nature, such systems are quite common,
e.g., fruit and vegetables, human bodies and bodies of ani-
mals and, possibly, the Earth itself.

We report an experimental investigation of model ex-
periments to study the conditions prevailing during the gen-
eration of surface relief similar to that of the ocean floor.

EXPERIMENTAL WORK

Commercial films of amorphous unoriented poly (eth-
yleneterephthaate) (PET), poly (vinyl chloride) (PVC), syn-
theticisoprenerubber (IR) and natural rubber (NR) were used
as a substrate. The thickness of PET and rubber substrates
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was 100 um and 500 pum respectively. The rubber was cross-
linked with 1.5 weight parts of dicumyl peroxide per 100
weight partsof raw rubber. Dumbbell - shaped sampleswere
cut from the polymer film. The size of the specimens was 6
x 22 mm. The surface of the test samples was coated with a
thin layer of gold, platinum or quartz up to 15 nmin thick-
ness, using ionic-plasmaor thermal deposition. The coating
was approximately 20 000 times thinner than the rubber sub-
strate. Next, the test samples were elongated in an Instron-
4301 testing machine (Figure 2). A loading rate of 1 to 500
mm/min was applied, and the temperature of elongation was
varied from room temperature to 105°C.

The method of loading depended on the polymer sub-
strate. Coated thermoplastic polymers (PET or PVC) were
elongated at temperatures exceeding the glasstransition tem-
perature T, (75°C for PET and 65°C for PVC). Above T, the
polymers are soft and their mechanical properties are simi-
lar to that of rubber. After elongation, coated samples were
cooled to room temperature without removing from the test
machine. Cooling of the samplesin the elongated state pre-
vented recovery of the original length after unloading.

The coated rubber sampleswere elongated at room tem-
perature. To avoid recovery after unloading, the length was
fixed with special clamps. To study behavior under compres-
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Fig. 1. Ocean floor relief in the region of the Mid Ocean Rise (&) and its location in the Pacific Ocean (b).

sion, uncoated rubber was elongated, coated by a platinum The surface of sampleswas studied on aHitachi S-520
film in the elongated state, and released from the clamps. scanning el ectron microscope (SEM). Profiles of the coated
After unloading, the rubber shrank toitsinitial size, and the surfaceswere observed under a Nanoscope atomic-force mi-
coating was compressed due to rubber shrinkage. croscope (AFM) by digital instruments. The probeto sample
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Fig. 2. Schematic representation of the equipment used by
Volynskii A.L. et al., 1999, 2000.

interaction was maintained constant at alevel of 10° N un-
der the scanning regime. The thickness of the platinum layer
was changed by changing the time of deposition. To mea
sure the thickness of coating, Pt was deposited on a smooth
glass surface. The coating was scratched, and the depth of
the scratch was measured under an atomic-force microscope.
The thickness of the coating was found to be proportional to
time of deposition. The experimental coefficient of propor-
tionality was used in determination of the thickness of the
deposited platinum layer.

RESULTSAND DISCUSSION

Figures 3a-c show scanning electron microscope (SEM)
images of different composites after elongation. Dark and
light bands, perpendicular to the direction of the elongation,
are observed on the photographs. Dark bands are cracks in
the coating, and light bands are fragments of the fractured
coating. The deformed coating forms a regular pattern.
Grooves and ridges in the micro-relief are oriented strictly
along the tension axis. The polymer substrates are quite dif-
ferent: PVCisaductile polymer, PET isliquid-like, and SR
and NR areelastic polymers. Yet similar surface patternsare
observed in all experiments. Coating cracksalong bands ori-
ented perpendicularly to the direction of the applied stress,
and aregular wave-like microrelief appearsontheoriginaly
plane surface.

Figure 4ashowsatomic forceimage of asurface sample
similar to that in Figure 3. Figure 4b showsthe profile of the

Thin coastings as a model of the oceanic crust

coating surface along the dotted line in Figure 4a. The pro-
file of the coating relief iswavy. The amplitude of the wave
is~1.4 um, and the period is ~2.0 um.

Surface patternsin the coated polymers are quite simi-
lar to the ocean floor relief (Figure 1). The faults are analo-
gousto cracks, and the periodic ridges are anal ogousto folds.
This suggests similar structuresin the model samplesandin
the Earth’s lithosphere: both involve a soft substrate coated
with athin rigid film.

Volynskii et al. (2000) showed that structures similar
tothosein Figure 3 may al so be obtained when polymer film
is stretched, and the surface of the film is coated with athin
rigid layer. When the sample is unloaded it recovers to its
initial lenght. Figures 5a and 5b compare the microscopic
images of specimens of synthetic rubber prepared by both
procedures.

In both cases, a similarity of microrelief structure is
observed which suggests a common mechanism. Despite a
general similarity between Figures 5aand 5b, thereisanim-
portant difference between them concerning the orientation
of microreliefs with respect to the tension direction. The
microrelief produced by direct tension (Figure 5a) is oriented
aong the extensional axis, and the microrelief produced by
the contraction of the sampleis oriented perpendicular to the
extensional axis (Figure 5b). This difference may be related
to the compression of arigid coating in adirection whichis
needed for the development of awavy relief. The volume of
rubbery polymersin tension remainspractically constant. De-
formation is accompanied by a major lateral contraction,
which compresses the coating in the direction perpendicular
to the tensile elongation. When the sample shrinksthe direc-
tion of compression coincides with the direction of the pre-
ceding tension. Therefore, the microrelief is shifted by 90°
with respect to the direction of extension. Thusthe develop-
ment of aregular microrelief is aways due to compression
of asolid coating layer on a soft substratum.

The role of compression is crucial to explanation of
this phenomenon. Consider some early observations of com-
pression of elongated solid bodies. Such phenomena were
considered by Euler more than 200 years ago. He showed
that, under compression, an elastic rod buckles when acriti-
cal stressis attained (Figures 6a and 6b). The rod acquiresa
wavy shape and the wavelength is equal to twice the length
of the compressed body (Feynman, 1964). When therod is
firmly attached to a soft elastic substrate (Figure 6c), the
behavior under compression is quite different. At the critical
compression stress, the rod cannot buckle (Figure 4d) be-
cause of the restoring force from the support which is pro-
portional to the deflection. Because of interaction between
the applied force and the resistance from the support, a coat-
ing will adopt asinusoidal shape with wavelength A.
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Fig. 4. 8 AFM image of a surface of platinum-coated (20nm) PV C after elongation to a strain of 100% at 90°C; b) topographical AFM
image of a sample shown in Figure 4a aong dotted line
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Fig. 5. SEM images of IR samples coated with athin platinum layer with a thickness of 15 nm: (a) deformation is carried out for the Pt-
coated sample to a strain of 100%; (b) initial IR sample isdrawn to a strain of 100%, coated with Pt layer and allowed to shrink and
recover itsinitial size. The direction of tensile stressis vertical.

Buckling under compression was discussed by
Smoluchowski (1909, 1910). Later on, the problem was
worked out by Biot (1954, 1959,1965) and Ramberg (1963,
1964). They showed that a solid coating should bend under
compressive stresses and gravity. We tested this mechanism
of formation of relief. Figure 7 shows experimental design
used by Ramberg and Stephansson (1964). A stress is ap-
plied to an éastic coating (rubber or gelatin plate) floating
on adense, low-viscosity liquid (mercury, saturated solution
of KI). Under these conditions no cracking of the coating
takes place. In our experimental approach weareableto study
cracking of the coating layer as in the development of the
Earth’s crust, which the earlier model procedure (see
Ramberg, 1964, Figure 7) is unable to do as low-viscosity
substrates were used. These substrates were unable to trans-
fer enough stress to the coating. Furthermore, the stresswas
applied to the coating unlike real processes in nature. The
microrelief shownin Figure 3isproduced by deformation of
the polymer support, a soft substratum. All morphological
features, which aretypical of the formed relief, were associ-
ated with the transfer of mechanical stressfrom the soft sub-
strate to therigid coating.
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Consider the process of regular cracking in more de-
tail. As shown in Volynskii et al. (1999, 2000), regular frag-
mentation of arigid coating is due to specific features of the
mechanical stress transfer from a soft substratum to arigid
coating via an interface. As the coating fractures, the stress
distribution in the fractured surface of the polymer film is
highly nonuniform. At the edges of the fragment, the stress
is equal to zero; but away from the edges of the fragment,
stress increases because the coating is attached to the poly-
mer support. In any fragment, maximum stress is found at
the center, that is, at the farthest point from the edges. With
further extension of the polymer support, stressin the coat-
ing increases but its distribution remains unchanged; at the
edges of afragment, stressis still equal to zero. Finaly, the
stress at the center of the fragment reaches the strength and
the fragment breaks in two new fragments with similar di-
mensions. This mechanism of fracture was analyticaly dis-
cussed by Volynskii et al., (1999). They showed that the
mean length L of the fractured fragments along the tensile
axisis

L =2h (a*/o,) |, Q)
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Fig. 6. Buckling instability for an anisodiametric body in afree state (g, b) and on a soft substratum (c, d).

Fig. 7. Schematic representation of the equipment used for modeling of folding by Ramberg and Stephansson (1964).

wherehisthethickness of coating, o* isthestrength, and o,
isthestressinthe support. Experimental verification of equa-
tion (1) (Volynskii et al., 1999) showed a reasonable agree-
ment with experimental data.

Electron microscopic observations provide direct evi-
dencein support of the above mechanism of fracture. Figure
8 shows scanning electron microphotos of two samples of
PET with deposited platinum coating which were stretched

93



A. L. Volynskii and S. L. Bazhenov

I i 15um

a

!

FRARANAL AR A

(' nh '
RN TN
e enr I'[;l"_ll'lr I'H"g

= AfepnnpnRNAR

il
i

Fig. 8. SEM images of PET samples after deformation to a strain of 100% at 100°C (a) and to a strain of 50% at 100°C and then to afinal
strain of 100% at 80°C (b). Drawing direction is horizontal.

to atensile strain of 100%. Thefirst sample (Figure 8a) was
stretched at 100°C. The coating breaks down into fragments
with a mean width of 3.5 um. The second sample was first
stretched at 100°C to atensile strain of 50%; then, the tem-
perature was decreased to 80°C, and the sample was stretched
to atensile strain of 100%. Due to the temperature drop, the
stress in the support increased from 0.7 to 3.5 MPa. Next
fragmentation proceeds but, in this case, the mean sizes of
the fractured fragments were only 1.7 um (Figure 8b). Dur-
ing the second loading cycle, nearly every fragment of coat-
ing broke down exactly into two equal parts. Notice that all
fragments break down sharply at the center. These features
of fracture of metallic coatings agree with our hypothesis. It
accountsfor the regular location of cracksin the coating and
with the development of fractured fragments with similar
dimensions.

In conclusions, the relief shown in Figure 3 is similar
to that shown in the maps of Heezen and Tharp. A compre-
hensive experimental and theoretical investigation of the
structural-mechanical behavior of rigid coatings on a soft
polymeric substratum (Volynskii et al., 1999, 2000) enables
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usto use direct measurements of the parameters of theformed
relief for a quantitative estimation of important characteris-
tics of such systems, such as the level and direction of the
relief-forming stress at support, the strength and the yield
stress of the coating, the thickness of coating and others.

We suggest a striking similarity in the morphology of
the oceanic crust and our model systems. The oceanic crust
of the Earth may be modeled as a rigid coating on a soft
substratum.
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