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Theory of Tackiness

Cyprien Gay* and Ludwik Leibler

Laboratoire CNRS—EIf Atochem (UMR 167), 95, rue Danton, B.P. 108, 92303 Levallois-Perret cedex, France
(Received 15 April 1998

We show that the interplay between surface roughness on micron scale and air suction can yield
tack energies much higher than thermodynamic surface energies. Our model provides a quantitative
interpretation of highly nonlinear force-versus-separation curves which are usually observed when
adhesion forces and energies are high. [S0031-9007(99)08393-3]

PACS numbers: 46.55.+d, 68.35.Gy

A substance appears sticky when some work is required It has been observed for a long time that the surface
to remove one’s finger from it. This property is known asroughness of the solid probe greatly affects the tack
tackiness. Day-to-day examples are very numerous anehergy [8], and this was attributed to the restriction of
usually involve polymer films. Controlling the tackiness the true area of contact with the polymer film [8,9] during
of materials is important in many applications. Forthe bonding stage. Indeed, tacky polymeric materials are
example, in pressure-sensitive adhesives a high tackinessually soft (typical modulus valug®’ Pa [1]). Thus, the
is desired, whereas, conversely, coatings and paintsan der Waals surface forces alone are able to deform
which are made roughly from the same polymers, shouldhe polymer film surface and an intimate contact can be
not be sticky. The feeling of tackiness is due both toachieved, despite the probe surface roughness. We show
the high energy dissipated during the bonding-debondinthat the roughness can also provide an explanation for
cycle, and to the high force required to separate the probihe stress peak. Indeed, air bubbles can be trapped at
(finger) from the polymer film. In some case, the tackthe interface and lead to a “suction-cup” effect. We also
energy can be very high, up tt0* times as large as show that the resulting adhesion reinforcement can cause
the thermo-dynamic Dupré worl associated with the fractures to propagate inside the material, thus creating
difference in surface energies. Qualitatively, this highfibrils. The stress at the fracture head is constant during
tack energy has been associated with a strong viscoelasfcopagation, and this accounts for the stress plateau in
dissipation in the polymer film [1,2]. From the large body the traction curve. In the present model, we assume
of experiments, two situations can be distinguished: eithethat the material is purely elastic: it is supposed to
the dissipation is mainly due to a fracture that propagatebe incompressible, and it is characterized by its elastic
along the substrate [3—5] or it arises through a much morenodulusE and by the maximum tensile stress it can
complex mechanism where the polymer film is split intowithstand before it starts to fracture. Our approach is
separate filaments or fibrils during the debonding process
[6]. It appears that in many situations where fibrillation
occurs during debonding, the traction curves obtained [7] .
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from reproducible experiments (where a metallic probe
is used rather than a finger) resemble that presented on
Fig. 1. In the experiments, the separation rate is kept
constant. The measured force presents a strong peak to
start with, and then does not fall to zero, but rather stays
essentially constant or rises slightly, till the probe finally
separates from the film at a relatively high deformation.
Both the maximum stress ., and the tack energy
(area below the curve) can be very high. The reason for /
such a shape of the traction curve is still a mystery, and //
more generally, the values of the maximum stress and of ////
the tack energy are not explained quantitatively. Koot Displacement X

The aim of the present Letter is to describe a mecha-
nism for the very nonlinear behavior of the film during FIG. 1. Typical stress curve observed (Ref. [7]) at imposed
debonding. For the first time, it takes into account thedisplacement (constant separation rate). The traction force
role of air bubbles at the interface to give quantitativelcréases sharply upon separation. It then strongly decreases

dicti for th | £ 1h . traction f again and reaches a plateau, until it decreases further to zero.
predictions for the value or the maximum traction Torce, 5, mogel predicts that the plateau should shorten and that the

for the plateau value and for the tack ened@yin the case peak should increase with increasing moduligsee Fig. 5).
of an elastic material. Inset: Usual experimental geometry.
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restricted to scaling laws: numerical factors are omitted

in most formulas. PROBE
When two materials are brought into contact, their 6T AAAASAANS

surface roughnesses are crucial to determine the quality

of contact and hence the intensity of adhesion. Because DN I N

of the nonconformity of the surface shapes brought into /D !

contact, the true area of contact is not equal to the nominal FILM

one. For deformable solids, the true area of contact - s

depends strongly on the pressure applied to maintain the a\Jo"oo"oo ° &’

contact and on the attractive surface forces (e.g., van der B —mo °

Waals interactionsV). 302 00 09573 °] 0
Indeed, even in the absence of external pressure (load), 0 00 508 O

the surface forces are able to deform soft solids on the o0 — % By @

length scale of the roughness, and the area of contact oono :OQEM 92 5\

in nonzero [8—10]. For rigid materials, the true area of
contact is restricted to the summits of the rough surfaceszIG. 2. Interface geometry. When the probe and film surface
When E =~ E* = WD/3? (where 3, is the roughness roughnesses combine, two populations of bubbles are present
. . . at the interface (left): macrobubbles (diameBgf) originate in
amphtude, and its typical Wavelgngth), the true area of he film roughness (larger wavelength), and microbubbles
contact is of order of half the nominal area of contact, anqgiameters,) are due to the roughness of the metallic probe
therefore it saturates [9] wheA = E*. In the present (wavelengthd). The area of contact around the macrobubbles
approach, we are interested in the soft regifhes E™, is continuous and contains microbubbles. During traction,
and we argue that yet another phenomenon takes plad@?‘?“{[glibb'es W|d(;an a(nd ftl_nal)ly mgftgﬁ (percolation, t?p tflght)t-
namely, the formation of air bubbles: the contact betweefy'" S NN PUMPET In (SUCAON), and There remain contact spots
o . ! . . at include microbubbles (bottom right).
both materials includes, in particular, the saddle points, et Ierobu ( 'ght)

and thus causes air to be trapped [11].

Typical values for the roughness of a metallic probedepthg,, result from a balance between different effects:
[8] are o = 1 um (amplitude) and/ = 10 um (wave-  ajr compression or expansion inside the bubble, elastic
length). The corresponding radius of curvature of thegeformation of the polymer film around the bubbles and

asperities and hollows is of orded®/o = 100 um.  syrface forces. These components can be summarized in
The surface roughness of the polymer film plays annhe following free energy:

important role as well [12]. It strongly depends on
the formation and coating procedures. For our pur-. _ [ “ _ 3 2 2

pose, we shall take the following estimation: fiImF_ oo (po = plde + BLEBu/Bu)” + WE,. (1)
roughness amplitude> =5 um and wavelength
D = 100 um, corresponding to a radius of curvature
of order D?/3 =2 mm. TakingW =5 X 1072 J/m?

as the Dupré energy, we see that typical value
E =2 X 10* Pa for the polymer elastic modulus are be-
low both critical valuesEy,pe = Wd/o* =5 X 10° Pa
and Ef, = WD/3? =2 X 10° Pa. In the present
case of soft films £ < Epope and E < Efy,), two

The first term describes the compression of air from
the atmospheric pressugg to p = powo/w when the
é'nitial volume wy = od? is changed to the current bubble
volume w. The volumew = B,B2 is directly related

to the mesoscopic displacement if the polymer is
incompressible:w = wo + d*x = wo(l + x/o). The
bubble depths, is much greater than the initial bubble
deptho. Hence, the material that surrounds the bubble

populations of bubbles appear (Fig. 2, bottom left).
Macrobubbles are induced by the long wavelength of th%Z?dbspr%?ge;??agfugzﬂ/%Mpgl\),/é?g;2$E?$i?nﬁ$t§g bya

film roughness. They are surrounded by a continuou : ;
contact zone which contains microbubbles induced by th%Or:esrgqya”(sdeifggg]atg?r?])[ﬁglgo;;hﬁ/ # t?athf) ’ ;hsofdaggc

shorter wavelength of the probe roughnéss< D). )
Because of both roughnesses, the contact between t éeformed by a factop,/B,. The third term accounts

probe and the film is very nonhomogeneous. In order o surface interactionsW is the Dupré energy that is

i . AR ained per unit surface area when the contact is formed).
describe the resulting complex behavior, it is necessarg Suppose now that traction is being performed locally
to describe first the response of the contact zone arounld a quasistatic manner. At any imposed position
the macrobubbles and therefore to understand the role ?Ee compression energy.[first term of Eq. (1)] is fixed
the microbubbles. We therefore determine below how th(f\/linimizin the remaining two terms with rés ect &y, )
local displacement, taken at some distan@away from keeping B% B = w = w%(l + x/o) fixed ylioelds th’e
Ijhe mlcrobubplesa > d, so that the nonhomogenltles bubble diaanelf[er and the resulting mesoscopic stress:

ue to the microbubbles are averaged out), is related to

the stresg at the same point. The bubble wids, and B, (x) = d(E/E;robe)l/S(l + x/o)*3, (2)
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1 dF [ x/o (E/E™)¥3 } 3) whenX = X,,, and causes a weak “pop” sound, similar
T = Po >

T2 dx 1+x/o  (1+x/o)l/s to the behavior of a suction cup. Clearly, the bubble vol-
ume and shape are different at this st@je= X,,,) from

where what they were at the initial contagt = 0 (for instance,

E- = pd o 2a/wie. (4) By > 3), and that is one source of irreversibility.

The first term of Eq. (3) accounts for the fact that. The whole process is thus accompanied by high stress

increasing the bubble volume through traction amountdlNomogeneities. Yet one can argue that at the percola-
to working against the atmospheric pressure. The secorfipn threshold, the bqbbles and their vicinity represent vir-
term corresponds to the elastic deformation of the polymeft@lly the whole nominal surface. Hence, the macroscopic
that surrounds the bubble. The shape of the local responSE€SS at suction (Fig. 2, top right) is just slightly weaker

*
that corresponds to Eq. (3) presents a stress maximum, than the local stress near the macrobubbies= 77/«
where k is a numerical factor that depends on the de-

70 = poll + (E/E7)V?]. (5) tailed geometry £ is somewhat larger than unity, say,

Equation (2) shows that the microbubbles widen. AL~ 2). As we now show, if the polymer can frac-

. . ) ture above some stresg that is slightly lower thanr
e e e L, e Dbl Imeflnamey.x < o < ), he above surface debonding
ver rcol lt‘ixn ;th ; f contact ge ( mechanism is followed by a regime of fracture propa-
erse percolation of the area of contact). ation. Consider a region of the wavy surface (Fig. 4,

X L>et0us I?O.W Ir:?a?ﬂlse megrcggzcgp'iﬁ;acuOeggésrplifaeg:grﬁ)p). The most likely location of a fracture initiation
' IS Inly abs y (W ) “is at pointF3, i.e., in the valley around a contact spot.

bubbles, which thus increase in sif€) = Qg(1 + .
. . Indeed, the polymer is laterally stretched at pohy,
é(/z)]t' E(;rst, th_lt_ehm?crolbutbbles_swe]d%)(d increases) bOlIJ.t IWhich is not the case at poinfs; and F,. Conversely,
0 hot wigen. € local stress Increases corresponding |¥othing happens before the reverse percolation has taken

. o : .
!s,no::: Vg:i:,?['t{ ?Lgtierzlﬁggb#lzggfnssm?)ftheMk/)fg.tr:(\:ttion place: on the one hand, the stress is insufficient at the
pointr sample side for a horizontal, cohesive fracture to initi-

curve [Egs. (3) and (5)]. At this point, the evolution of _ - ) .
those microbubbles located in the vicinity of a macro-ate(wm"lx 7o/ < 7r); on the other hand, there is no

. . : . eferential direction for fracture opening at a bubble cen-
bubble is unstable since they are subjected to the impos . : :
stressr* = 7, (rather than imposed displacement the é)ér F3 (Fig. 4, bottom), even though the stress intensity

7* may be sufficient there. Once suction has occurred,

lmicrl?bu dbbtl)es éhe;eforeﬂr]nerge ésee F(;g.thS). The ﬁtljmbtglu%owever, fractures will initiate along the valleys between
ocally debonds rom the probe an € macrobu e?1eighboring peaks (see Fig. 4, top). Fractures then propa-

l‘f{f&g (ﬁong\]/(z-:-rr?aslﬁz)e'e dThaEf[ ggacirr(:]blél;télj e(:’;;g'r%n ISgate vertically through the film thickness. The stress at
! ’ ' y Imp P the fracture tip is equal tey once it has started. The

the microbubble diameteB,, were becoming too large,
the local stresst* = EBy/By = Q(X)/By would
decrease belowry, thus preventing any further local
debonding and,, increase.

Hence, the local stress is fixed™ = r9) and the
bubble dimensions are deduced from the fixed volume con-
dition [BuBY = Q = Qy(1 + X/3)]. Eventually, at
some displacemerX,,, (such thatB,, =~ D), the macro-
bubbles get connected. The air pressure is smaller in-
side the bubbles than outside, since their volufhes
increased. Hence, air is pumped into the macrobubbles

PROBE < By

Macro-
bubble | By, FIG. 4. Conditions for fracture initiation. Note that the
amplitude of roughness has been magnified for clarity. Top:
The various components of the stress tensor make it more
favorable for a fracture to start along the valley lines between
FIG. 3. Mechanism for macrobubble widening. The stresscontact spotgl (point F3) than elsewhere at the interfacg, (or
7* around the macrobubble tends to swell the surrounding”,). Bottom: Before the reverse percolation has taken place,
microbubbles. If it exceeds the valug, these microbubbles however, there is no preferential direction for fracture initiation
merge and open into the macrobubble. Vertical dimensions arim the bubblesB and fracture cannot start, even though the
overmagnified. stress intensity could be sufficient.
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, . in the present version of the model (zero applied contact
) G/E 16 Jm (10 Pa) pressure). For a much smoother probe (such as glass), one
10! 15 can haveE > E~ and much higher values of, and 7.
The most rewarding feature of the present model

! is that by taking into account both the film and the

10°

0.5 probe surface roughnesses and understanding the role
101 0 of air suction, it was possible to obtain quantitative
0 1 B (mﬁpa% 3 % predictions both of the high tack energy [Eq. (6)] and

of the maximum force necessary for separating the two
FIG. 5. Predictions of the model, using the parameter valuesurfaces(mn.x = 70/k). Such predictions can be tested
given in the text, and taking; = const. The tack energ¢  using different parameters: elastic modulus of the polymer
has a strong dependence on the elastic modtijushereas the (¢ g py adjustable cross-linking [7]; see predictions on
traction peaksri, varies mildly. Fig. 5), surface interactions (e.g., by chemical treatment),
film surface roughness (by varying the film deposition

macroscopic traction stress is then= ¢/x. Hence method), and even atmospheric pressure (in a controlled
= 7¢/k. , . i .

S ; . 7. experiment) on a more microscopic scale. In the present

the fracture initiation, which occurs just after sucpon in Letter, we focused on soft, thick film&(< E* andH >

. (if)sunder zero applied pressure. Other regimes deserve

from 7 = 7y/k to m = 7¢/k, and that is the reason for : .

the peak inO/the stress élfrve The stress at the contaa more thorough study anq will b? pupllshed separately.
' For instance, if pressure is applied in such a manner

~ * i
{hus ower than that requted for furiher etachment of 8 A IS drven away, the suction-cup effect wil be
the polymer from the probér* = ¢ < o). Hence, the more pronounced and a higher adhesion will be achieved.

S ; . It will also be interesting to include viscoelastic effects
contacts remain firmly attached thanks to the relnforcmgNhich can be important to predict the dependence of the
presence of the microbubbles, and the fractures pro

P33ck energy on contact time and debonding speed and

gate furt_her as the p_ro_be s being pulled back. The¥or melts or weakly cross-linked materials often used in
progressively create fibrils. Propagation stops when th

fracture heads reach the solid substrate on the opposi?eracncaII applications.
side of the film. During fracture propagation, the part
of the film that is turned into fibrils is thus elongated by

a factorr¢/E. The displacement corresponding to com-  ’Electronic address: cgay@pobox.com
plete fibril formation is proportional to the film thick- Electronic address: ludwik.leibler@caldcrd.elf-atochem.fr
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