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Mechanical buckling instability of thin coatings
deposited on soft polymer substrates
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Deformation of rubber and poly(ethylene terephthalate) coated with a platinum or a gold
film was studied. The thickness of the coating film was approximately ten nanometers. The
polymer substrates were 10* to 10°-fold softer than the coating. Folding of the coating
leading to the appearance of a wave-like pattern on an originally smooth surface was
observed both in tension and after shrinkage. In tension the wave crests are oriented along
the elongation direction. After shrinkage the wave crests are perpendicular to the shrinkage
direction. For rubber substrates, the appearance of the wave is explained by a mechanical
buckling instability of the coating under compressive force. The length of the surface wave
depends on the thickness of the coating layer and the rigidity of the polymer substrate. In
addition to folding, regular fragmentation of the coating film on long and comparatively
narrow bands is observed. The cracks are perpendicular to the wave crests both in tension
and after shrinkage. © 2000 Kluwer Academic Publishers

1. Introduction embedded in an epoxy resin under compressive force
Mechanical behavior of polymers coated with a thinhas been observed [13].
(nanometers in thickness) rigid film attracts growing Originally the problem of mechanical buckling in-
interest of researchers. The appearance of an irregstability of a rod under compressive force was intro-
lar two-dimensional network of cracks in copper andduced by Euler [14]. The buckled rod looks like a
chromium coatings on a polyimide substrate under unisector of a circle. According to Winkler, the shape
axial tensile load was reported [1]. Similar irregular of the rod is different if it lays on an elastic foun-
cracking was observed when a coating was under a bidation, the stress in which is proportional to the de-
axial tensile load [2, 3]. In contrast, regular crackingflection of the rod [15, 16]. The shape of the buckled
of Pt and Au coatings on long and comparatively nar-rod on an elastic foundation is periodic and wave-like.
row bands was observed when poly(ethylene terephHalf-space was considered as an elastic foundation by
thalate) (PET) and rubber substrates were uniaxiallBiot and the “modulus of foundation” was determined
elongated to 50-200% strain [4—6]. Similar behavior[17]. Buckling instability of an elastic beam embed-
was observed in PET coated by Sifihm at low strains  ded in an elastic medium was also considered by Biot
when the response of the substrate was elastic [7, 8].[18, 19].

In addition to cracking of a coating, the wave-like
pattern appeared on an originally smooth surface dur-
ing axial tension of rubber coated by Pt or Au film 2. Experimental
[9, 10]. Rubber was=10°-fold softer than the coating, Commercial films of amorphous unoriented poly(ethy-
and formation of the surface wave was explained bylene terephthalate), synthetic isoprene rubber, and nat-
mechanical buckling instability of the coating under ural rubber were used as polymer substrates. The thick-
compressive force. ness of the PET film was 1Q0m. Natural rubber was

The appearance of a regular pattern on an originalleross-linked at 150C by 4 weight parts of dicumyl
smooth surface was observed previously in a swellingperoxide per 100 weight parts of raw rubber. Isoprene
polymer gel immersed in a liquid [11, 12]. This phe- rubber was cross-linked at 15C by 1.5 weight parts
nomenon was explained by a mechanical buckling in-of dicumyl peroxide per 100 weight parts of the rub-
stability of the soft surface gel layer under growing ber. The thickness of natural and isoprene rubber lay-
compressional stress. Periodic buckling of a glass fibeers was 50@:m. Samples, dumbbell in shape, were cut
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from the polymer layer. The gauge size of samples wa3. Results
6 x 22 mm. 3.1. Elongation
lon sputtering deposition was used to coat specimenbig. 1 shows an SEM micrograph of PET substrate
with a thin (10 nm in thickness) platinum or gold coated with a gold film, and elongated to 300% strain
layer. This method is used to provide electric conduc-at 85°C. The arrow shows the direction of elongation.
tivity of samples for SEM studies. Then, the specimenThe white bands, perpendicular to the elongation di-
was elongated with an Instron 1122 testing machinerection, are gold bands. The width of the gold bands
Coated rubber was elongated in special hand-operatagries. The dark bands show PET substrate made visi-
clamps. After elongation, the cracked metal surfaceble due to opening of cracks in the coating. The coating
was coated by the second platinum layer and studis folded so that the surface is wavy, and the wave crests
ied by a Hitachi S-520 scanning electron microscopeare parallel to the tension direction. The amplitude of
(SEM). the waves is almost constant over the entire area of the
To study shrinkage, uncoated natural rubber waghotograph. In the center of the PET bands, lines show-
elongated, coated by a platinum film in the elongatedng the initial position of cracks in the coating may be
state, and released from the grips. After unloading, theoticed. These lines are analogous to mid-ribs in crazes
rubber shrank to its initial size (the coating was approx-appearing under tensile load in polymers. The opposite
imately 20,000-fold thinner than the rubber substrate)surface of the sample, which was not coated by gold
The temperature dependence of an elasticity modulufiim, is plane.
was studied by dynamic test with a Rheometrics Solids Fig. 2 shows an SEM micrograph of a natural rubber
Analyzer at 31 Hz frequency and 2 K/min heating rate.coated by a gold film and elongated to 50% strain at
The thickness of the platinum layer was changed byoom temperature. The sample was studied in elongated
variation of time of deposition. To measure the thick-state. The surface pattern is similar to that in Fig. 1.
ness of the coating, Pt was deposited on a smooth glagoth the wave and cracks in the coating are observed.
surface. The coating was scratched, and the depth athe opening of cracks is less than in Fig. 1 due to
the scratch was measured by a Nanoscope atomic-foréewer elongation of the sample. “Mid-ribs” in the center
microscope (Digital Instruments, Santa Barbara, USA)f the rubber bands are not observed. With the rubber
in contact force regime. The probe-sample interactiorsubstrate the wave disappeared after unloading.
force was maintained constant and equal to°1N.
The coating thickness was proportional to time of de-
position. The coefficient of proportionality was found, 3.2. Onset of folding
thus allowing determination of the thickness of the de-Onset of folding in rubber/Pt was studied visually. A
posited platinum layer. specimen was elongated slowly with a test machine.

ANV RN

Figure 1 SEM micrograph of a poly(ethylene terephthalate) substrate coated with a gold film, and elongated to 3002 &h83hickness of the
gold film is~10 nm.
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Figure 2 SEM micrograph of a natural rubber/Au elongated to 50%

strain at room temperature. Figure 3 Optical micrograph of a natural rubber/Pt elongated to 2%

strain at room temperature.

Light of alamp was directed on the coated surface undeB.3. Shrinkage
the angle of 20-30 Suddenly the sample in reflected The rubber for these tests was coated in the elongated
lightbecame colored. The colored region appeared neatate. When the sample was released from the grips,
an edge of the sample and quickly spread over the erthe rubber shrank and compressed the coating. Fig. 4
tire surface of the sample. The time of spreading ofshows an SEM micrograph of an isoprene rubber/Pt
the colored region was less then one second. Opticafter shrinkage in the horizontal direction. The surface
microscopy showed that before the critical moment thepattern in Fig. 4 is similar to that in Fig. 1. The wave
coating was smooth. After this moment, the coating wagrests are perpendicular to the shrinkage direction.
regularly folded. The example is presented in Fig. 3 Intension, folding of the coating is caused by lateral
which shows the surface of natural rubber/Pt at 2%contraction of the rubber. Similarly, during shrinkage,
strain, right after folding. Thus, the coating occasion-cracking of the coating in Fig. 4 is caused by lateral
ally folds at some location, possibly near a defect, anaklongation of the rubber. The cracks are perpendicular
the folded region quickly spreads over the entire specito the direction of lateral tension as illustrated schemat-
men. With the rubber substrate, the folding of the coatically by Fig. 5. As aresult, the cracks are parallel to the
ing is a critical phenomenon. The folding disappearsshrinkage direction. The mechanism of folding of the
after unloading. coating under compressive force is illustrated schemat-
The folding of the coating is explained by compres-ically by Fig. 6.
sion of the coating in the lateral direction. However,
compression of the coating at axial elongation is not ev-
ident. The volume of the elongated rubber remains con3.4. Effect of strain
stant, and the Poisson’s coefficientis 0.5. The Poisson$he surface wave appears at some initial strain, and fur-
coefficient of Pt is lower, 0.36 [20]. In tension lateral ther deformation changes the wavelength. Fig. 7 shows
contraction of the coating would be lower if it were not the length of the wave which appeared after shrinkage
adhered to the rubber. The coating is thin, and its laterabf an isoprene rubber plotted against the initial ten-
contraction is determined by the rubber. As a result, thesile strain of the rubber. The wavelengih reduces as
coating is compressed in the lateral direction. We asstrain, ¢, increases. Fig. 8 shows that in tension the
sume that compression leads to mechanical bucklingravelength also reduces with an increase in tensile
instability and folding of the coating. To verify this as- straine. It was assumed that reduction of the wave-
sumption, behavior of the coated rubber was studiedengtha is caused by the change of the specimen size
during shrinkage. under deformation.
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the ratioR both for tension (circles) and shrinkage (di-
amonds). The wavelength during tension and shrinkage
is described by a single best fit straight line. The straight
line passes close to the origin, and hence the wavelength
A may be described by the equation:

A= Rho (1)

COATING INSTABILITY

Compression

Soft substrate

Figure 6 Schematic drawing illustrating appearance of surface wave on
an initially smooth surface.

\ WAVELENGTH, 2 {um)

Figure 4 SEM micrograph of isoprene rubber, elongated without coat- !

ing to 50%, coated with Pt film and released from grips. SHRINKAGE
10
J -
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The change of size after shrinkage is characterize 4
by the ratioR=L,/L1=1/(1 + ¢), (Fig. 7), where

L, is the length of the specimen after shrinkage, anc 4| *

L1 is its length before shrinkage. During tension, the

change of the width is characterized by a similar ratio o

R=W,/W;, whereW, is the width after elongation, ‘ ‘ ‘ ‘

andW; is the width before elongation. Fig. 9 shows ° 190 200 800 400 500
relative width of an isoprene rubber plotted against the INITIAL TENSILE STRAIN, £ (%)

tensile straing. Elongatlon leads to a reduction in the Figure 7 The length of the wave after shrinkage,plotted against the

width. The ratioR =W,/ W, in Fig. 9 was used to plot (ensile straing, at which the isoprene rubber was coated by a platinum
Fig. 10. Fig. 10 shows the wavelengthplotted against  film.
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Figure 5 Schematic drawing illustrating surface patterns in tension and after shrinkage.
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Figure 8 The wavelengthj, plotted against the tensile strais, for
isoprene rubber coated by a platinum film.
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0 . . . . . Figure 11 SEM micrograph of the PET/Pt elongated to 5% strain at
0 100 200 300 400 500 90°C.
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Figure 9 The relative width of an isoprene rubbeé#,/W;, plotted
against tensile straim,
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elongation Figure 12 The wavelengthy,, plotted against temperature of elongation,
0 . . . . T, for PET/Pt.
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] ) ) ) 5% strain at 90C. Folding of the coating is not uniform.
Figure 10 The wavelengthz, plotted against the ratio of sizeB, for ) 500 areas are not folded and remain plane. The folded
isoprene rubber coated by a platinum filR= L,/L1 after shrinkage .
andR= W,/ W at elongation. The thickness of the platinum layer was 8r€as appear locally near the cracks. Further elongation
constant and equal to 3.8 nm. leads to merging of the folded areas and formation of

uniform folding as in Fig. 1.

Fig. 12 shows the wavelength (period of foldings),
where i is the wavelength corresponding B=1. ), plotted against temperature of tension for PET/Pt.
Hence, reduction of the wavelengthin Figs 7 and  The wave did not appear if the temperature was lower
8 is caused by the change of the specimen size ahan 75-80C, the glass transition temperatufg of
deformation. PET. The reason why the surface is plane at these tem-

peratures is not clear. At higher temperatures the wave
appears, and the wavelength depends on temperature.
3.5. Onset of folding with PET substrate At T =105°C a maximum in Fig. 12 is observed.
In contrast to the rubber, with the PET substrate folding Fig. 13 shows the storage (Young’s) modulis, of
of the coating is not a critical phenomenon. Fig. 11PET plotted against temperatufe On the curve four
shows an SEM micrograph of the PET/Pt elongated talifferent regions may be distinguished. These regions

551



STORAGE MODULUS, E (MPa) is different in these composites. With the rubber sub-
strate the folding appears suddenly on the entire surface
of a specimen. This indicates that the folding is caused
[ - Glass IV - Crystallization by elastic buckling instability of the coating under com-
pressive force. The mechanism of folding in PET-based
composites is not so clear. The problem of mechanical
stability of an elastic coating on a rubber substrate is
analyzed in the following section.

HI - Rubber
800

600 -

400

1l - Glass transition
200

o ‘ ‘ ‘ ‘ ‘ ‘ 4.1. Theory
20 40 80 s 100 120 1o w0 0  Mechanical buckling instability of an elastic layer em-
TEMPERATURE, T (°C) bedded in an elastic medium was considered by Biot

[17-19]. Here the stability of a surface layer is con-
sidered following his papers. The phenomenon is ana-
lyzed using a logic similar to that introduced by Euler
to describe the mechanical instability of a rod under
4WAVELENGTH, 2 (pm) compressive force. The upper surface of the coating is
free, and its lower surface is adhered to the half-space
as illustrated by Fig. 6. The coordinate system is de-
3r fined so that theY axis is perpendicular to the coating
planey = 0. Compressive force is applied to the elastic
layer along theX axis. The shear stresses between the
substrate and the coating are neglected. Bending of an
elastic layer on an elastic foundation is described by
T equation [14]:

Figure 13 Elasticity storage moduluss’, of PET plotted against tem-
peraturerT .

. . . . . Eil d%y d?y
% 2 4 6 8 10 ? 1_1‘)2W FW‘*‘ky:O (2
THICKNESS OF COATING, h (nm) 1

Figure 14 Wavelength,., for PET/Pt plotted against the thickness of Where Ej is the Young's modulus| = wh3/12 is the
platinum coatingh. second moment of area of the layer cross section about
the axis of bendingy; is the Poisson’s coefficierty,is
the thicknessy is the width, andy is the displacement
are related to two temperature transitions in the polymeof the coatingF is the longitudinal compressive force
state. The first transition, from the rigid glassy state (lin the coating. The effect of the underlying half-space
in Fig. 13) to the soft rubber-like state (l11), is observed s represented by a lateral lolgacting on the coating.
at 75-80C. This, so called glass transition, leads toAccording to Biot, the Winkler's modulus of half-space,
a dramatic drop in the Young's modulus. The second, is [17]
transition, at 115-12TC, is crystallization of initially
amorphous PET which leads to a significant increase _ Ew 3)
in E’. It is worth mentioning that for polymers this T 1-—2
transition is quite unusual.

Comparison of Figs 12 and 13 shows that variation ovhere E is the Young's modulusy is the Poisson’s
the wavelength is related to the change of the Young'soefficient of the substrate, ands the buckling wave-
modulus of the substrate. A decrease in the substraiéngth. Equation 3 is valid for sinusoidal deflection of
rigidity leads to an increase in the wavelength. the coating

Fig. 14 shows the wavelength, for PET/Pt plotted
against the thickness of the platinum coatihg,The y = Asin% (4)
wavelengthi increases almost linearly with the thick-

ness of the coating film. ) ) .
The compressive force in the coatirtg, is found by

substituting Equations 3 and 4 into Equation 2

4. Discussion P £

The folding of the coating is related to its compression.  F — E,| i n w A ()
Features of folding are different in rubber-based and (1—vH)a2  4n(1—v2)E;l

PET-based composites. First, with PET substrates the

folding appears near the cracks in the coating. Second, The functionF (1) is higher than zero at any. F()
with PET substrates the folding of the coating is nothas a minimum at some wavelength. If the load in the
a critical phenomenon. The folded areas appear andoating,F, is lower than the minimuni*, the coat-
grow in comparatively broad intervals of strain. This ing is stable. In contrast, if the load is higher thah,
leads to the assumption that the mechanism of foldinghe coating is unstable and folds. At the minimum, the
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derivatived F/dA is equal to zero. Differentiation gives for Pt/PET instability of the coating is related to yield-

the expression for the critical wavelength ing of the platinum. Thus, the buckling instability of
the coating on the PET substrate is not just an elastic
(1—)E, instab_ility. This may explain the disagreemlent With_ Fhe
A=27hd ——F— (6) experiment. Equations 6—8 may be used if the critical
3(1 - Vl) E buckling stressr is lower than the yield stress of the
coatingoy.

This equation predicts the direct proportionality be- We can describe two possible mechanisms of fold-
tween the wavelength and the thickness of the coat- ing of the coating in PET-based composites. The first
ing, and an increase mwith the decrease in substrate is related to yielding of the coating under compression.
rigidity. Study of stability of isolated metal rod under compres-

The critical buckling stress in the coating=F*/  sion showed that yielding of the rod leads to a decrease
hw, is: of the critical buckling stress [21, 22]. Similarly, for

PET-based composites buckling may be initiated by

OE,E2 yielding of the metal coatings.
= \% > > @) The second possible mechanism of folding may be
64(1—vg)(1—v?) related also with cracking of the coating. In tension the
volume of the substrate remains constant, and its width
Neglecting the Poisson’s coefficients, the bucklingreduces with strain. The coating is rigid and cracks.

strain is Hence, the lateral contraction of the coating is lower
than that of the substrate. As a result, the coating is
9E2 compressed and folded along the lateral direction. This

&€= WE% ©) may explain initiation of folding by cracks.

5. Conclusions

1. Tension and shrinkage of a rubber coated with a thin
platinum film lead to the appearance of wave-like fold-
ing of the coating. The mechanism of the folding is

4.2. Comparison with theory

The folding of an initially smooth coating is explained
by the instability of the coating under compressive
force. To verify E_quatlon 6 quar_1t|tat|vely, '.‘at“_fa' rub- mechanical buckling instability of the coating under
ber was coated with a platinum film, 42 nmin th'CkneSS'compressive force.

and elongated to 7% strain. The strain was low because 5 “"\vitn PET substrate, folding of the coating is also

the critical buckling strain is estimated from Equa- ohsered. The mechanism of folding is different from
i 9 i . . .
tion 7 as 0.024%, and further elongation .could reducqhat in rubber-based composites. Folding appears near
the wavelength. The surface wave, dén in length, cracks in the coating
WE%I'SOC::ZSIESI/:tg ?ﬁet?r?eg?gttilggl' wavelengih, the Young's 3. Fragmentation of the coating is observed both dur-

; : ' ng tension and shrinkage of the substrate.
moduli of platinum E; =160 GPa [20] and rubber 9 g
E = 1.1 MPa, the Poisson’s coefficienigs= 0.36 and
v=0.5 were substituted in Equation 6. The ValueAcknowIedgements
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