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Influence of surface roughness on the adhesion of elastic films
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It is shown that a self-affine roughness at the junction of an elastic film and a hard solid substrate influences
considerably the adhesion of the elastic film, especially for small roughness expanghts0.5) and/or large
long wavelength roughness ratiog ¢ with w being the rms roughness amplitude ahtleing the in-plane
roughness correlation length. Analytical calculations of the local surface slope allows an estimate of the
roughness effects on the adhesion energy more precisely than those presented in earligspedially for
roughness exponenk$<0.5). For weak surface roughness the elastic energy contribution is significant on the
film effective surface energi vy and on pull-off force for elastic moduludsin the range of GPa. Moreover,
in the case of partial contact an estimation of the pull-off force shows that it strongly decreases with reducing
contact area due to surface.
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I. INTRODUCTION roughness wavelengtlg < 1. This will be achieved by ana-
Iytical calculation of the local surface slope, which subse-
This paper addresses the question to what extent the aduently determines the calculation of the adhesive interac-
hesion between an elastic solid and a hard solid substratéon.
will be affected by the surface roughness. In particular, this is

a rele\_/ant guestion for the a(_JIhesion of polyr_n_e_r coatings onto Il. ADHESIVE AND ELASTIC ENERGY

metallic substrates_. The topic was studied |!"nt|ally by Fuller UNDER COMPLETE CONTACT

and Tabor{1], and it was shown that a relatively small sur-

face roughness could eliminate adhesion. In their mpged We assume that the substrate surface roughness is de-

Gaussian distribution of asperity heights was considered witlscribed by the single valued random roughness fluctuation
all asperities having the same radius of curvature. The corfunction h(f) with I being the in-plane position vectar

tact force was obtained by applying the contact mechanics (x,y) such thath(r))=0 (Fig. 1). The adhesive energy is
theory of Johnsoet al.[2] to each individual asperity. How- given by

ever, this approach considers the surface roughness over a

single lateral length §cale. Thef maximum pull-off force is Uad:_A'yf dzrm. 1)
expressed as a function of a single parameter, which deter-

mines (the statistically averageda competition between

compressive forces from higher asperities that try to pull theAssuming Gaussian random roughness fluctuafibhgields
surfaces apart, and the adhesive forces from lower asperitiegter ensemble averaging over possible random roughness

that try to hold the surfaces togethér. configuration
On the other hand, random rough surfaces, which are
commonly encountered for solid surfacg3,4], possess Uag=—AyApad V1+Vh-Vh),
roughness over various length scales rather than over a single 2
one. This case was considered by Persson and TpShftir toe
the case of random self-affine rough surfaces. It was shown <\/1+ﬁh~ﬁh>=f du(vV1+p2u)eY,
0

that when the local fractal dimensi@ becomes larger than
2.5, the adhesive force may vanish or at least be reduced
significantly. SinceD=3—H with H being the roughness F
exponent, which characterizes the degree of surface irregu-
larity (asH becomes smaller the surface becomes more ir-
regular at short length scajeshe roughness effect becomes
more prominent for roughness exponeHits 0.5. /
Nevertheless, the previous numerical studies were per- /
formed using power-law approximations for the self-affine /
roughness spectrum, with a sharp cutoff. This is valid for
lateral roughness wavelengtigg>1 with ¢ being the in-
plane roughness correlation length. This work concentrates
on the effect of roughness, including contributions from

/ /’ / / ;

!l . / / i
/] / ; Elastic film el
[

VNI

Solid substrate

FIG. 1. Schematic of an elastic polymer film on a rough solid
*Corresponding author: Email address: hossonj@phys.rug.nl  substrateF is the force applied to pull off the film.
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with Aq: being the average macroscopic flat contact area, " " " "
p={({(Vh)?) being the average local surface slope of the k H=0.3
substrate rough surface, argAy being the change of the 100
local surface energy upon contact due to elastic film or sub-
strate interaction. Substituting pn=[ (| Vh|?)]*? the Fourier a 101
transform of  the surface height h(Q)
=(2m) " 2fh(F)e '9"d?F with F=(x,y) being the in-plane 102
position vector and assumingh(G)h(g’))=6*(G’' +4)
X{h(g)h(—4g)), i.e., translation invariance, the rms local 103
slopep is given by 20 40 60 80 100
€ (um)
p2:f q2<|h(q’)|2>d2ﬁ:f q°C(q)d?qg, (3 FIG. 2. Local surface slope as a function of the in-plane

roughness correlation lengthfor w=10 nm, and various rough-
) ) ) ness exponents.
whereC(q) is the Fourier transform of the substrate height-

height correlation functiol€(r)=(h(f)h(0)) that character- IV. RESULTS AND DISCUSSION
izes the substrate roughness. Furthermore, the elastic energy

stored in the film of elastic modulus and Poisson’s ratio Substitution of Eq(6) into the expressiop= y((Vh)*)
is given by for the local surface slope yields the simple analytic expres-

sion

1
Ue,=—§f d?r{h(F)o,(F)) (4) _w 1 1_H_T1_H}+£{T_H—T_H} 112
P \/iaf 1—H c L H c L ’

assuming that the normal displacement field of the film (7)
equals h(r). Since in Fourier space we havh(q) . .
_ Mzz(q)gz(q) with Mzz(q): _2(1_ VZ)/Eq [5] and with TC=(1+aQ§§2) glndTLz(lJraQEfz), L is the lateral

i B R ; - dimension ofAq,(~L%) andQ,=2=/L. ForH=0 andH
h(q)=(2m) “fh(r)e"""d"r, we obtain after substitution =1 we obtain from Eq(7) the limiting forms, if we take the

into Eq. (4), identity In(N)=lim,_,(1/u)(T'~1), then
E 1/2
Uer=Aftaty 7 =20 qu(Q)dch 5 w [ 2 2y 2 TC”
4(1— —0= a(Qi— +In| =— , 8
(1= PH=0 ViaE (Qc—QD)¢ T (8)
Notably Eq.(5) is valid for relatively weak roughness or
Il local surf [ J((Vh)3 <1, W T _
small local surface slopes=V{(Vh)") P '”(T_f ~a(Q2- QYEX(TCT)) 1}. ©

Ill. SELF-AFFINE ROUGHNESS MODEL . )
Figure 2 shows the calculations of the local surface slope.

A wide Variety of surfaces or interfaces are well describe(t|ear|y a Strong influence of the roughness exponéris
by a kind of roughness associated with self-affine fractappserved.

scaling[3,4]. For self-affine surface roughne€gq) scales
as a power-lanC(q)=q 22" if q&>1, andC(q)=const if
gé<1 [3,4]. The roughness exponeHtis a measure of the )
degree of surface irregularif, 4], such that small values of ~ The change in the total free energy when the polymer
H characterize more jagged or irregular surfaces at shoRIlock is in contact with the rough substrate is given by the
length scale<§). This scaling behavior is satisfied by the sum of the adhesive and elastic energy such [that

simple Lorentzian forni6]

A. Free energy calculations

Uadt Uei= = Afia Vet
22
1 w¢ with

C(QFEW, (6)

+ oo
_ 2,\1/2,—u
with a=(1/2H)[1—(1+aQ2¢?) "] if O<H<1 (power- Ayeff‘MJo du(i+pu)™e

law roughness anda= (1/2)In 1+aQ%] if H=0 (logarith-
mic roughness[6]. Equation(6) is one possible way of in-
troducing the long-distance cut-off length We haveQ,

= 7/ay with ay of the order of atomic dimensions, while the
parametemw is the rms roughness amplitude. For other self-whereA v is the effective change in surface free energy due
affine roughness correlation models see also Réfs7]. to substrate surface roughness.

7TE Qe 2
—meLq C(q)dq, (10
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) ) FIG. 4. Critical elastic modulug&. versus in-plane roughness
FIG._3. Effective surface e_nergyyeﬁversus in-plane roughness g relation length ¢ for various roughness exponentd. w
correlation length ¢ for various roughness exponentd. w =10 nm, Ay=4.8< 102 J/n?, »=0.4, andL=1000um (>&).

=10nm, Ay=4.8x102J/n?, »=0.4, E=1MPa, and L

=1000um (>&). -

2(1—V2)A’yf du(1+ p?u)Y%eu
0

If the following calculations were performed foky E.=
=4.810 2 J/n? [5], rms roughness amplitude=10 nm and WJQC 2c(q)d
ap=0.3nm. For Ay the main roughness contribution QLq Daq
comes from the local surface slopeespecially forE=0
(absence of interfacial elastic energy stored in the syste
which is the case of polymer adhesives deposited in liquid
like form on solid surfaces followed by dryin@lthough a
shrinkage stress may develop which will diminish the adhe
sion). Moreover, sinceC(q)=w?, the influence of the rms
roughness amplitudev on Ay is rather simple 4y

: (11)

mand varies strongly with variations of substrate roughness in
such a way thaE increases for smoother surfaces, i.e., with
an increasing exponemt and/or decreasing roughness ratio
w/é, see Fig. 4. For elastic modullss>E, we haveA yg

<0 leading to spontaneous decohesion of the elastic film
without an application of any force, whereas 6K E; a
w2) for smallw (for largew the contribution to adhesion is finite force will _be necessary to decoher_e the elastlc film.
proportional tow), while any complex dependence on the When the elastic energy becomes very high, partial detach-

substrate surface roughness will arise solely from the roughg]eecrgﬁessr;gﬁIdrgﬁecsosntsk:g?:jeode'snnoortdggrtr%gogfgtt'g tdhees\‘iggfsmr?
ness parametets and é. P P g

Because in Eq(10) the elastic energy term fak ye IS A yer at @ macroscopic scal&q. (11)].
valid for small local slopeg, we show in Fig. 2 the devel-
opment of the local slope as a function of correlation length
& for various roughness exponenits Depending on the ASSUming a slab of thickneskthat Undergoes a diSplace-
value of the rms roughness amplitude(pecw), the local ~Mentu upon the action of aforc_lé (Fig. ). We can calculate
S|0pe can be Significanﬂy |arge for small roughness expothe necessary forcE to delaminate the film from the sub-
nents setting into question the validity of H30), exceptin  Strate by equalizing the elastic energyd(1/2)E(u/d)?
the case wherE=0. The latter reflects the absence of elasticWith the effective adhesion energy,A yerr, Which is actu-
effectS, i.el, p0|ymer films formed by the me|t|ng of adhe_a”y a Griffith calculation in fracture mechanics. TherEfore,
sives onto substrates. Therefore, prior to a comparison cfinceF=~AqyE(u/d), we obtain
theoretical predictions with experimental défar E>0), an
estimation of the local surface slope is highly desirable. The
latter requires a knowledge of all three roughness parameters
H, w, and¢ as Eq.(7) indicates. Notably, correlation function
measurement in terms, i.e., of scanning probe microscopy B wE Qe ,
allows measurement ¢, w, and¢ [3,4,6,8,9. xe" _ﬁf q°C(q)dq

We should point out that the elastic energy contribution in (1=v9)ay o
Eq. (10) does not play an important role in the limit of weak with Fy,,= Aq(2A yE/d)¥2 Calculations of the forc€ for
roughness op<1 for relatively soft materialsE<1MPa)  various roughness exponents are depicted in Fig. 5. Clearly
which makes the calculations faky. relatively reliable  for rougher substrates at short length scales a larger force
even for large local surface slopep>1; smallH and/or  will be required to delaminate the elastic film. Equatidg)
large ratiosw/&), because the adhesive term expression igs valid for constant strain fields in the polymer film, which
valid also for strong roughness. As Fig. 3 indicates, the efis the case for the planar geometry under consideration. In
fective free energy is strongly influenced by the surfacethe case of positive moduli and surface energies the presence
roughness especially for small roughness exponehts ( of roughness leads to an increase in adhesion energy, leading

B. Force calculations

+ o
F=F fiad fo du(1+pu)*?

112
, (12

<0.5) and/or large roughness ratiog¢ (typically ~0.1). to F=Fg,, where the increment of the adhesion energy is
The critical elastic modulu€k, for which Ay.s=0 is  lowered by the elastic term. For other geometries more com-
given by plex considerations are necessHbY.
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MAAS B T + oo

-2 _ 1
pe’ T(3,p 2>=1+§p2+n§2 R(n)p?", (14

H=0.3

flat

u with R(n)={1X1x3X5...(2n—3)}(—1)""/2". However,

w for the elastic term we have an analytic expression only for
roughness exponenks=0, H=0.5, andH =1. If we define
the quantities

107 100 10 102 G1(QL,Qo)=a" "¢ [tan *(VaéQ.) —tan *(VaéQy)],
€ (um)
, . G2(QL,Qc)=(1/2a8)[Qc(1+ag* Q)
FIG. 5. Effective pull-off forceF versus in-plane roughness cor-
relation length¢ for various roughness exponertts w=10 nm, —Qu(1+ angf)’l],
Ay=4.8x10 2 J/in?, v=0.4,E=1 MPa, and.=1000um (>¢&). (15)

G3(QL,Q)=a"*¢"%(Q.—Qu),

C. Analytic expressions for adhesive and elastic terms

For small local surface slopes such thatl, we can GA(QLan)=(1la§2)[Qc(1+a§2Q§)7l/2
rewrite the integral for the adhesive terfq. (10)] in a
closed integral fornj10] —Qu(1+ag’Q}) 7,
4o - .
f du(1+p2u) Y% U=per T(3,p72). (13 Gs(QL Qo) = (1/a®¥%%)[sinh*(Va&Q,)
0

—sinh*(Va£Qu)],
I'(x,a) represents the incompletefunction. For smalp the
asymptotic expansion leads to we obtain the following expression:

|
W2£2 G3(QL,Qo)—a 'é7%Gy(QL,Q.)  for H=0,

Q¢
Gu= | “orctarda= 5 Gs(QL.Q)~Gy(Q.Q)  for H=05, (16)
o 271a 1£72G,(Q,,Q0)~Gx(Q, Q) for H=1.

Therefore, from Eqgs(13)—(15) we obtain the simpler ex- with

pressions
T 2 romin 5
-2 _ mE G =S |m— = f q°C(q)dg, (20
AYeﬁ:A’y[pep F(g’P 2)_2(1_V)A,yGe|]i (17) 4 (1_1})0-0 2w/l
+E 112 with o, being the applied load used to press the film onto the
F= Fﬂat[ pep’zr(g,p—Z) _—ZGeI] . (18  hard solid substrate. This represents the situation of a smooth
2(1-v)Ay surface on all length scales shorter thaor an apparent area

of contact on the length scaleEquation(20) assumes con-

ditions of frictionless contact between two elastic solids with

rough surfaces. Then, the contact stresses depend only on the
In the previous calculations we assumed a complete corshape of the gap between the solids prior to any loapihg

tact between the elastic film and the solid substrate. If, howThe stress distribution in the contact area described by the

ever, only partial contact occurs at lateral length saaken  differential equatiorj11]

the real contact areéd(\) is related to the macroscopic

nominal contact ared(L)=A(~L?L>¢) by the equa-

tion

D. Partial contact between layer and substrate

JP [dG) ,d°P
ENE TV ACr= @)
2 (+=sinx 1
A=A [ S O Aer| ——— |, | | N
o X 2JG(N) The solution of Eq(21) with the boundary conditionB(o

(29 =0\)=0 (absence of adhesipnand P(o= +o,\)=0
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FIG. 6. Effective pull-off forceF(\) versus contact lateral
length scale A for in-plane roughness correlation length
=200 nm, w=10 nm, roughness exponerii=0.3, Ay=4.8
x1072 J/n?, v=0.3, E=1MPa, E/o,=30, and L=1000um
(>9.

yields Eq.(19) with P(\)=A(N)/Aqa. If we substitute Eq.
(6) for C(q) into Eq. (20) we obtain forG(\) the analytic
expression

2
2
Pxs

1
G()\)Zg[ (22

(1-27) 0o
with

W 1/2

“Vaag

1-H

P T—H'le

(23

with T, = (1+aQ?¢%) andQ, =2x/\. Moreover, the effec-
tive surface energy v.¢ and the forceF to delaminate the
film are, respectively,

1
- (T T

_ E Q
_ o 2 3 oy ar J’ c 2

(24
and
FO\)=F erf(—l ) pe’ T(3,p?)
flat Zm 2
7TE Qc 2
_2(1——”2)qu g?C(q)dq (25)

In this case the effective surface enetyyy.and the pull-off

PHYSICAL REVIEW E 67, 021604 (2003

for the pull-off force this is depicted in Fig. 6 as a function of
contact lateral length scale Clearly with diminishing con-
tact, that is with decreasing the force drastically decreases
in agreement with predictions of Fuller and Talpdt. Nota-

bly in Eq. (25 the dominant contribution comes from the
reduction of the contact area with decreasing contact length
scale\. The treatment of the partial contact is approximate
and a more rigorous treatment is presented in Rief].

V. CONCLUSIONS

It is shown that the surface roughness affects considerably
the adhesion forces between an elastic polymer and a rough
solid substrate. Analytical calculations of the local surface
slope allows an estimation of the roughness effects on the
adhesion energy more precisely than those presented in ear-
lier works, especially for roughness exponehits:0.5. For
weak surface roughnesp<€ 1), the elastic energy contribu-
tion is significant on the film effective surface enemyyq
and pull-off force for elastic modulus in the range of GPa.
Moreover, in the case of partial contact an estimation of the
pull-off force shows that it strongly decreases with reducing
contact area due to surface. Our calculations are strictly valid
for elastic solids, while for in real polymefd2] viscous-
elastic effects are present which may alter the valu&wfin
this case modifications are required since surface roughness
introduces fluctuating forces with a wide distribution of fre-
quencieqd13].

Finally, we should point out that the calculation of the
roughness influence is performed in terms of a specific
roughness moddl6] which gives an analytical form of the
local surface slope by incorporating the effect of intermedi-
ate lateral roughness wavelengths 2/ ¢, as well as yields
analytic results for the elastic contribution for roughness ex-
ponentsH=0, 0.5, and 1. Clearly for other correlation mod-
els[4,7] there can be deviations, because they differ mainly
around the lateral roughness wavelengths2#/&. How-
ever, these effects are lower in significance than errors intro-
duced by the use of only the power-law regime of the rough-
ness spectrunG(q)=q 22" [5].
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