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On the sensitivity of adhesion between rough surfaces
to asperity height distribution

M. Ciavarella!, A. Papangelo®

! Politecnico di Bari, Bari, 70125, Italy
2 Department of Mechanical Engineering, Hamburg University of Technology, Hamburg, 21073, Germany

There has been a long debate about the validity of asperity models in the contact between rough surfaces, much of it concentrated on
relatively minor aspects of the solution for the special case of Gaussian random processes for roughness, like the exact value of the area—
load slope or the extent of the linear regime. It is shown here that in the case of adhesion, the behavior is extremely sensitive to the shape
of the height distribution. We show for example results for Weibull distributions, which has been suggested in a number of practical cases
from macroscopic to nanoscopic roughness. Pull-off force is found to vary by several orders of magnitude both lower and higher than in
the Gaussian case, whereas the “stickiness” criterion on the adhesion parameter changes by an order of magnitude. Additionally, in some
operations like chemical-mechanical polishing, tails are almost completely removed and a sharp peak develops instead of a tail: modeling
this with contact on the bounded side of the Weibull distribution, stickiness seems to occur for any level of roughness. Some qualitative
comparison with recent numerical experiments is attempted.

Keywords: adhesion, Greenwood—Williamson’s theory, rough surfaces
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AJIEKBaTHOCTb MOZIEJIEH IIEPOXOBATOCTEN I KOHTAKTUPYIOUIMX LIEPOXOBATHIX MOBEPXHOCTEH SBISETCS MPEIMETOM IMIMPOKOTO
o0cy K IeHus B ITeparype. boibMHCTBO paboT KOHIECHTPUPYETCs Ha JeTAJSIX PELICHNS JUTS 4aCTHOTO CITydasi IePOXOBAaThIX TOBEPXHOCTEH
CO CITy4JaifHBIM T'ayCCOBCKUM PACIpe/ie/IeHHeM BBICOT U Ha 00CY K/ICHIH TOYHOTO 3HAUCHUSI HAKJIOHA 3aBUCUMOCTH IUIOIaJH KOHTAKTa OT
Harpy3KH{ WIN JUIMHEI TUHEIHOTO yJacTKa 3TOH 3aBHCHMOCTHU. B HacTosmel crarhe MOKa3aHO, YTO aAre3Hsi CHIBHO 3aBUCHUT OT (hOPMBI
(YHKIMY pacTipeieNIeH s IepOoXOBaTOCTel 1o BEICOTe. [IpHBEneHEI pe3yasTarsl U1t pacipeneneHus Belibymia, koTopoe 6bU10 peuIoKeHO
JUIS OTIMCAHUSI IEPOXOBATOCTH HA MUKPO- U HaHOYpoBHE. IToka3aHo, 4To cuita CpbIBa MOXKET YBEJINUMBATHCS MM YMEHBLIATHCS HA HECKOJIBKO
TOPSIJIKOB IO CPAaBHEHHIO C TayCCOBCKUM pacrpezeneHueM. IIpu 3ToM npy MCHoNb30BaHUU KPUTEPUS «CLEMJICHHU» MapaMeTp aare3uu
M3MeHsIeTCs TOJIBKO Ha Mopsnok. Kpome Toro, B psifie mponeccos, HAIpUMep IPH XUMHUKO-MEXaHHIECKOU ITOIMPOBKE, XBOCTHI (DYHKIIHN
PpacIpeieNIeH s IIOYTH ITOJTHOCTBIO OTCYTCTBYIOT, @ BMECTO XBOCTa HaOmonaeTcs pe3kuii muk. I1pu MonenpoBaHuH KOHTAKTa C IMIEPOXO0-
BaTOCTBIO, OIUCHIBAEMOI 00pe3aHHBIM pacHpesesieHreM BeliOyiuia, crierieHre nMeeT MecTo I JIo6oro ypoBHs mepoxoBarocti. [Ipo-
BE/ICHO Ka4e€CTBEHHOE CPABHEHHUE C pPaHEE MOJIYUYEHHBIMU PE3yIbTaTaMU YUCIEHHBIX 3KCIIEPUMEHTOB.

Kniouesvie croea: anresus, reopusi I puHByja—YUIIbsIMCOHA, IEPOXOBaTask HOBEPXHOCTh
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1. Introduction

Adhesion is very hard to measure at the macroscale
between solid bodies, and experiments inevitably used very
soft materials with extremely small roughness. The classi-
cal explanation is that surface roughness even of atomic
amplitude practically destroy adhesion as shown by Fuller
and Tabor [1] (FT in the following) both with a model gen-
eralizing the GW (Greenwood and Williamson, [2]) asper-
ity model to the case with adhesion, as well as with experi-

© Ciavarella M., Papangelo A., 2017

ments with rubber spheres. In the asperity model, the single
asperity was assumed to behave according to the then re-
cently developed JKR theory (Johnson, Kendall and Rob-
erts, [3]) contact. This seemed to put an end to the story,
even though the model is extremely crude, involving the
many assumptions of GW theory (identical asperities, non-
interaction, the simplified geometry of asperity summits
instead of the full geometry), which could be in principle
even weaker in the case of adhesion when bodies can snap
into full contact.
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Surprisingly, advances in asperity models have concen-
trated especially on the case with no adhesion, in the im-
plicit assumption that this aspect could be neglected—and
Fuller and Tabor’s paper may have confirmed this impres-
sion. Also, asperity models have almost uniquely been fur-
ther studied in the assumption of Gaussian height distribu-
tions. This was not due much to evidence that real surfaces
should be Gaussian: clear deviations from the Gaussian
height distribution are shown in the original Greenwood
and Williamson paper: Fig. 6 shows a surface of mild steel
which had been abraded and then slid against copper, which
resembles a “truncated Gaussian”. Using the Archard law
for wear and the GW model, it is clear that the original
Gaussian distribution is continuously changing.

In general, as Nayak [4] puts it, “it is clear that many
surfaces are non-Gaussian; but it is equally clear that many
surfaces are Gaussian”. Adler and Firman [5] developed
non-Gaussian models of rough surfaces: in particular, they
notice that GW recognized that the exponential distribu-
tion (Weibull with @ = 1 in the following) is “a fair ap-
proximation to the upper 25% of the asperities of most sur-
faces”, and remark that the model they propose yields as-
perity distributions approximating negative exponential
even better than does a Gaussian model. It should be men-
tioned that even for ideally Gaussian random surfaces, the
distribution of “extremes” (the summits) tends to Weibull
distributions (in particular, at low bandwidths).

Many authors assume Gaussian height distribution, per-
haps motivated by the central limit theorem (CLT), which
should guarantee that a process defined by the sum of many
independent components should slowly tend to Gaussian,
usually no test is conducted on this assumption. Even nu-
merical realization intended to be Gaussian in principle,
sometimes fail to do so. Indeed, in the surfaces which to-
day we call fractal or self-affine in a broad range of wave-
length perhaps from macroscale down to atomic scale, the
longest wavelengths will dominate the height distribution,
and there will be very few of them. Then, they appear to
deviate from Gaussian, or at least fluctuate widely from
specimen to specimen (be not ergodic).

Non-Gaussian models have not attracted much atten-
tion in contact mechanics however this may well be that
they do not lead to significantly different results in the purely
repulsive contact. Gaussian processes have been studied
instead in great details and connected to asperity models.
Improved asperity theories show a contact area reduction
for high Nayak bandwidth parameters o which is largely
erroneous [6], probably because the bandwidth dependence
is compensated by interaction effects [7].

A paper from Pastewka and Robbins [8] involving ex-
tensive numerical simulations of atomistic solids with
(Gaussian) self-affine roughness suggested claims strong
contrast with FT asperity theory possibly of several orders
of magnitude in pull-off. In view of trying to explain the
potential large deviations from FT theory (and not neces-

PDF |

Fig. 1. Distributions of asperity heights studied in this paper.
Weibull PDF from a = 1.00, 1.25, 1.50, 2.00, 3.00. The asperity
distributions are approached with rigid counter-surfaces from the
right. For special cases, like to model surfaces which have under-
gone CMP, we will also consider the case of approaching the
surface from the bounded side, i.e. from the left

sarily of all asperity theories), we were motivated to inves-
tigate more the results obtained by Johnson already in 1974!
which is quoted in Fuller and Tabor’s [1] model as
“unphysical”: that assuming an exponential distribution of
asperity heights leads to either always tensile or compres-
sive force: they then noticed that the decay of pull-off force
was similar for the two distribution, if the total number of
asperities in the exponential model was substituted by the
number of asperities in contact. While GW were happy with
the results from a negative exponential instead of the Gaus-
sian, here this change passed completely unobserved and
obscures a very strong effect, which we will therefore in-
vestigate here.

2. Weibull distribution of asperities

We consider the two-parameter Weibull distribution with
scale parameter o, >0 and shape parameter a > 0. Wei-
bull’s PDF is defined for z, >0 as (Fig. 1)

a-1 a
W(zs;a,os)=i[ij exp —[—j (1)
o,\ O, c

S
and for a = 0 we obtain the special case of the exponential
distribution @ =1/0_exp(-z,/0,) (z; >0), which is used
by Johnson [9] in his classical textbook to explain the main
findings of the GW theory. The main features of the Weibull
distribution are mean 6,I'(1+1/a), where I' is the gamma
function; variance o2[['(1+2/a)-T(1+1/a)*].

The asymmetric form of Weibull distribution is repre-
sented by a parameter called skewness, whereas kurtosis
designates its flatness (for Gaussian, they are zero, and three,
respectively). In many cases, either wear or special finish-
ing operations eliminate the taller asperities. For example,
Yu and Polycarpou [10] report a thin film magnetic disk
used in hard disk drives in magnetic storage after it has
been burnished after manufacturing to avoid contact with

! There is no proper reference, as FT quote “to be published”.
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Table 1

Example measured surfaces as classified by Panda et al. [11]

Surfaces Skewness | Kurtosis | Weibull shape a
Class A (leptokurtic) | <-0.5 >3.25

Class B (platykurtic) | >-0.5 <3.25

=l <a<l.5

24<a<6.7

the recording slider, or worn-in surfaces from air condi-
tioning compressors. They suggest in most practical cases,
skewness is limited in the range [-1, 1]. For positive skew-
ness and near 1, Weibull a is near 1, which is the well known
negative exponential, and at skewness near —1, a tends to
increase to higher values, with extremely high values be-
ing probably unrealistic and due to errors in fitting. Panda et
al. [11] report a number of other measurements but loosely
similar results (see summary in Table 1), showing that the
majority of surfaces with kurtosis below 3.25 (Class B, or
platykurtic) have skewness greater than —0.5, and Weibull
2.4 <a <6.7; another class (Class A, leptokurtic) shows a
very close to 1 (the negative exponential distribution).
Whitehouse [12] has also an interesting figure represent-
ing typical skewness and kurtosis values for various manu-
facturing processes (honing, milling, grinding, turning),
which shows approximately the same trend of Table 1, i.e.
high kurtosis only for low skewness, and more or less con-
stant kurtosis (not far from 3) at higher skewness. In other
words, the Weibull distribution seems quite adequate for
most cases.

In other words, Weibull distribution has a slower decay
than Gaussian distribution when it is positively skewed,
and a much stronger decay when it is negatively so. For
illustrative purposes, we will also consider the case of ap-
proaching the surface from the bounded side, i.e. from the
left, in order to show how insensitive this choice is in the
adhesionless model, and how very sensitive it becomes for
the adhesion model.

We shall investigate the influence of this distribution
on the contact quantities, as compared to the classical nor-
mal distribution ® =1/(ov2m)exp(-z>/(26%)) used in
Fuller and Tabor (1975). For each asperity, we shall use
the DMT (Derjaguin—-Muller—Toporov) solution [13] in-
stead of JKR, as it has been suggested to be more appropri-
ate at small scales [14]

A=7Rd, P= %%(Rd )/? —2mRw, )
where d is the compression of the asperity, and R is its
radius. For a rough surface, d = z, —d,), where d,, is the
separation. Notice that while separation d, >0 for the
Weibull distributions, it can also go into negative for Gauss.
Notice that, as the distribution sensitivity results from the
superposition of different order integrals, it should also re-
main present for adhesion models other than DMT, although

the DMT theory seems to be the most appropriate in the
studied problem.

According to the standard GW integration process as a
function of asperity height (see [9]), but using (DMT) in-
stead of the Hertz equations (or instead to the JKR equa-
tion in the Fuller and Tabor model), and (Weibull) for the
PDF distribution, we obtain number of asperities in con-
tact, area and load, integrating for the distribution of aspe-
rity heights

. a-1 a
Gs do Gs Gs
oo a-1 a
A=N7tRi.f(zs—d0)(z—sJ exp(—(ﬁ] )dzs,
Gy d, Gy s

a-1
=r4
PzNi,[[_E(Rd)m —2an}(z—SJ X
3R o

sdo S

xexp(—(z—sJ )dzs,
GS

where N is number of asperities, o, the amplitude para-
meter, R the radius of asperities, w is surface energy of
adhesion.

Then, changing variable to d + d,, = z, normalizing the
heights by o, the lower extreme of integration is 0 and
defining

L(d)= [ (@)@ + i)Y exp(~(d" +d0))dd" (4)
0

we obtain
n(dy) = Naly(dy), A(dy)=(NRo,)mal,(dy),

P(dy) = %NaERl/zci/zh 12 (dy) = 2nRwn(dy).

In the special case of exponential distribution a = 1,
1,(dy) =exp(=d;)T (14 n), with T(1+n)=1,1,3/4/n if
n=0,1,3/2. Hence, for a = 1 we obtain exactly that area
and load are each proportional to number of asperities in
contact, and their ratio is constant

n= Nexp(—d—oj, A=mRogn,
) (6)

P = n(E(c2R)"*\/n - 2nRw).

In this particular case, the definition of “stickiness” as
in Pastewka and Robbins [8] is very obvious and with no
alternatives: the area—load relationship being linear, the ex-
ponential distribution model becomes “sticky” when the
load carried in average per asperity becomes tensile, i.e.
when

RY2
Oex :2«/sza >1, 7

where [, =w/E as a characteristic adhesion length.
Turning back to the general case of Weibull distribu-
tion, we can define a repulsive pressure on the contact
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Fig. 2. The ratio between the integrals Iy, (d; ) / A (dg ) (a)and 1,(d, )/ I,(dy) (b) proportional to mean pressure due to repulsive actions,

and to adhesive actions, respectively. Contact from the tail is assumed

_ Bp(dy) _ 4/3NaER"’03 L5 (dy)
P Adp) (NoRo, Ymal,(dy)

_iEi/zls/z(dS) ®
3n R I(dy)
which is seen to be relatively constant (exactly so for the
a =1 case) in Fig. 2 where only the ratio I3, (dg)/]l (dy)
is plotted for the distributions chosen in Fig. 1, in remark-
able qualitative agreement with the numerical findings of
Pastewka and Robbins, who found (in a condition very close
to the DMT model we are using) that the mean repulsive
pressure was almost constant even in the presence of adhe-
sion. Notice however that the exact value of the pressure
depends on the value of the Weibull shape parameter, and
on the constants in (prep), and modestly on separation for
high a. In particular, notice that the mean pressure decreases
with separation (we are considering here only the case of
surfaces in “direct” approach from the tail).
Further, we write nondimensional relationships,

A(dy) av2n
£ r+2/a)-T+Ya)y
P(dy) _ av2n y ©)
Bf (C(1+2/a)-T(1+Vay "
X[ 132 (dg) 041y (d5) |

Here, we have used the rms amplitude for a Weibull height
distribution

2
- ZGSJF(HEJ_F(HAJ ,
a a
4 N 2,302 \/E
——FER""h &= |=(NRh
‘\/% ™ms AO 2( rms)

so0 as to make simple comparison with the Gauss distribu-
tion result, which is obtained replacing the integrals by

1)) = (@Y exp(-1/2(d" +d5 ) dd"
0

L(dy),

By =

In particular, in the Gaussian case, the number of asperities
in contact is 1= N,/~2n I§(dy) and

E=11g(do),ﬁ=13g/2(d0)_90mslog(do), (10)
0

where (notice that in Gaussian random process, the quan-
tity (NRh,,,) in A5 is commonly described as nearly con-
stant, although we shall return on this point later).

Also, we defined an adhesion parameter (independent
on the distribution)

)= 3n RV w _ 3n R w hiézs _
2 Ec)? 2 ER)?oY?

2 e T
=90rm{r(1+;j—r(1+;” , (1)

i.e. Oy 18 the parameter obtained by measuring the rms
amplitude of each Weibull distribution. Unfortunately, the
condition for stickiness depends on a, as well as on the
separation at which we decide to measure the condition,
because the area—load relationship is no longer linear. Con-

sidering dy =2 as a good estimate, stickiness is obtained
from 1;/,(2)—6,1,(2)=0 which permits to define a more
“universal” adhesion parameter if one knows a priori the
shape parameter of the distribution, as

L (2) _
13,(2)

) 73/4
= 0rms 1(2) {F[1+EJ—F(1+1) } . (12)
13,(2) a a
Therefore, while 6, =0
a=31is 6,=0.1850,,,.. However, this correction being
approximate, we shall not pursue it further.

In Fig. 2, b is shown the ratio of the integrals
1,(dy)/I,(dy) which in turn (when multiplied by the ad-
hesion parameter) are proportional to the mean tensile stress
due to adhesion, which tends to increase with separation,
suggesting a clear picture of the competition between ef-
fect of “elbowing” of the higher asperities, with attraction
from the lower ones.

ea :eo

oms for a =1, the correction for
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Fig. 3. Area—load curves for non-adhesive contact. Contact on the tail (a), contact from the left of the distribution (5). The curves are all
indistinguishable. Dimensionless separation varies in the range d, = 0-3 in all plots

3. Results
3.1. Non-adhesive case

When mechanical load is considered, the normaliza-
tion in (area, load, and area Gauss, load Gauss) with £y, A7
is appropriate. Figure 3 shows some results for zero adhe-
sion, and the various distributions. In Fig. 1, a, in particu-
lar, we have the distributions approaching contact from the
tail, whereas in Fig. 3, b we have the hypothetical case of
approach from the left side (“reverse”). We can see that the
effect of the tail is really small, with the curves almost in-
distinguishable in both cases. Notice that the contact from
the left of the distribution has larger loads and areas, as a
result of the fact that the majority of the asperities are very
close to the point of first contact, whereas in the “direct”
case, many asperities will only have a small compression.
It is difficult to trace where each curve ends, as the curves
are so close. Notice however that, given the Gaussian dis-
tribution is specular and hence the curve is the same for
either direct or reverse approach, the curve in Fig. 3, a is
essentially the beginning of the curve in Fig. 3, b, and there
is a small deviation from linearity which is exactly obtained
for the exponential. Notice that in the “reverse” case, the
exponential distribution obviously does not obtain linear-
ity, and it behaves similarly to the other distributions. It is
clear that, with respect to what we shall see in the next
paragraph for adhesive contact, there is very little to argue
about the robustness of this result, and the very long dis-
cussion about asperity models in mechanical contact (the
original GW paper counts more than 4500 citations in
Google Scholar) revolved around results that, in large parts,
were already obtained with the simplest GW model. Not
only could GW fit their tails of the distribution with expo-
nential ones, they could equally fit any Weibull, and yet the
results would not change significantly!

3.2. Adhesive case

In the adhesive case, it is more convenient to move to
the ratio of the load with the pull-off of the entire set of
asperities as if they were aligned, F,N, where P, = 2nRw
according to DMT theory: for Weibull distributions

P(dy) 1
=a|—1,(dy)—-1,(dy) |, 13
v [60 ya(dg)~Io( w} (13)
whereas for Gaussian distributions
P 1|1 3g/2(dg )

~I§(dy) | (14)

E:N - V21 eOrms

Figure 4 shows some area—load results for adhesive con-
tacts, with adhesive parameter 0, =0.1: the curves differ
significantly although they remain almost linear because
of the choice of the normalization of the load axis, and of
the parameter 0,, in an attempt to capture the change of
“slope” from “nonsticky” to “sticky” (at moderately high
separation d, =2) similarly for all curves. If we used the
previous choice of the axis, for this low value of the adhe-
sion parameter, the curves would still be very close to each
other. However, different alternative choices of 0, like
O¢.ms> do not make a much better job at collapsing the
curves, as it will be clear when we will discuss the pull-off
results.

The differences between one curve and the other obvi-
ously come from the different behavior of the 7, integrals,
as compared to the purely repulsive contact case. The “char-
acter” of the area—load curves remains more linear in the
contact on the tail, than in contact from the left of the dis-
tribution (which is not shown for brevity), as expected.

g
Aldg — a=1.00
P a=1.25
3 - a=1.50
A == a=2.00
21 — a=3.00
- =-= Gauss
1 -
0- : . . .
0 5 10 15 20  P/NP|

Fig. 4. Area—load curves for adhesive contact, adhesive parame-
ter 6,=0.1. Contact on the tail. The curves are already quite
different one from the other, indicating a large sensitivity to the
exact height distribution function
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Fig. 5. Area—load curves for adhesive contact. Contact on the tail. Adhesive parameter 0, = 1.1 (a), 5.0 ()

We now consider the just about “sticky” cases, obtained
for 8, =1.1 (Fig. 5, a). As it is evident, the exponential
distribution, which remains linear, now implies a natural
tendency of the surfaces to snap into “full contact” in the
limited sense of an asperity model, which is that all asperi-
ties jump into contact. Notice that the load in this condition
isnot NP,, asthere is still a compressive component to the
load. This behavior was disregarded by Fuller and Tabor
as nonrealistic, and clearly it is a limit solution for an as-
perity model. However, this large difference between the
exponential and the Gaussian distribution (contrary to the
case of mechanical contact), indicates a real phenomenon,
simply that there is a completely different balance between
repulsive and adhesive forces. If the asperity model be-
comes a little “stretched” in the limit case of the exponen-
tial as we are leading to the extreme case of all asperities in
contact for all “sticky” cases, for any other shape param-
eter of the Weibull distribution, there is a wide range of
behavior which is very similar in form to that of the Gaussian
case which FT considered with success and found in agree-
ment with experiments. For the case depicted in Fig. 5, a,
for example, pull-off loads appear very small for all distri-
butions except a = 1: hence, there is clearly a very high
sensitivity to the shape of Weibull parameter, and even in
the limit case of the exponential, the result is not too dis-
similar from that obtained in the other cases for high adhe-
sion parameters. Figure 5, b shows indeed similar results
for higher adhesion parameters, showing that now the ex-

ponential case is much similar to the other cases, and the
area—load slope behavior is also similar so that the parameter
6, correctly capture the “stickiness”. However, the differ-
ent shape distributions result in quantitatively different pull-
off, very sensitive to the shape parameter.

3.3. Pull-off

We can now move to present some comprehensive re-
sults for the pull-off obtained for the different models. In
particular, Fig. 6 shows that this choice of normalization
makes all the Weibull distributions with a < 3 (except the
exponential in the restricted range where it predicts “sticki-
ness”), to have lower pull-off than the Gaussian one. Vice
versa, Weibull distributions with a > 3 have higher pull-off
forces. Remarkable the correspondence of the Gaussian
distribution with the Weibull with @ = 3, and the very clear
exponential trend. In fact, a very good approximation to
the results is

e £ =201-282 (15)
R)N min eOm\s

It is also apparent that defining stickiness as the point
where the pull-off has dropped of a factor 104, the increase
of Weibull shape parameter from 1 to 7 makes the critical
0.ms Parameter to increase of about an order of magni-
tude. Hence, from the perspective of the stickiness condi-
tion, increasing the a from 1 to 7 as it seems realistic for
the so-called platykurtic surfaces, corresponds to an increase

P/(NP) — a=1.00 PINE)
1 al .. a=1.25
-———a=1.50 14
0.1 —-=a=2.00
— a=3.00
0011 --- Gauss 0.1
——a=4.00
0.001+ —— Z z 288 o
] -_—a=7.00 >
0.0001 0.001 i I T
0 2 4 6 8 1/00rms 0 ! 2 : ! /00oms

Fig. 6. Normalized pull-off values for the different distributions, as a function of the inverse of adhesive parameter 0, . Contact on the

tail (a), contact from the left of the distribution ()
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of surface energy of a factor 10, or else a reduction on the
rms amplitude of a similar factor (it can be shown that con-
sidering the remaining term involving 4, and the radius
of asperities really should be transformed into a 7, slope
when considering random process theories).

To illustrate the effect of completely removing the tail,
as it may happen for some specific surfaces (like those
treated with chemical-mechanical polishing) or even as an
example of the possible effect of discrete realizations of
random processes, we plot in Fig. 6, b the case of approach-
ing the Weibull distribution from the left. This limit case
clearly shows that “stickiness” becomes an universal fea-
ture, independent on amplitude of roughness, provided that
additionally the Weibull shape parameter is less than 3.

These results clearly show that a high “concentration”
of asperities near the surface boundary makes the compres-
sive effect much smaller than the adhesive effect of farther
asperities, resulting in possibly extremely increased adhe-
sion, and certainly much increased “stickiness”.

Finally, some considerations about the possible valid-
ity of results obtained with the simple asperity model. In
adhesionless models, results of asperity models are con-
sidered realistic when obtained at large enough separations
(dy >1, for example), as otherwise interaction effects are
important. Indeed, neglecting this effect does not permit
the asperity model to converge to full contact, as, instead,
does the Persson’s solution which is actually obtained by a
correction of the full contact regime. We cannot apply this
rule in the case of adhesion, as the problem is much more
complex. We appreciate that merging of the areas between
asperities can occur even at large separations, and that we
use the solution sometimes also at low separations. This is
strictly not only true in the case of the exponential distribu-
tion, where we have seen that pull-off occurs when all as-
perities are in contact, but even in the Gaussian case, when
pull-off occurs for dimensionless separation often in the
range between 0—1. However, for these very same reasons
we suppose that the asperity model predicts a sort of lower
bound to the pull-off force, as when considering fine enough
scales. When we say “lower bound”, obviously we do not
intend this in a strict sense, since, because of the sensitivity
to the height distribution, we may not be surprised if a
particular realization finds pull-off to be load dependent
(hysteresis).

4. Discussion

We have mainly attempted to show that, in the adhesive
behavior, the exact shape of the height distribution mat-
ters, contrary to the case of pure mechanical contact. In
particular, easily orders of magnitude variations in pull-off
force are expected changing the distribution from having a
symmetrical Gaussian shape, to a different distribution with
much stronger decay in the tail (or a bounded one). Even
considering the practical ranges of Weibull parameters, as

from Table 1 and the discussion therein, confined in be-
tween say, 1 and 6, this is still quite a wide range.

There are a number of processes which can cause a real
surface to approach very unsymmetrical shapes, because
of effects acting only or mostly, for the highest asperities,
including mechanical (wear, manufacturing, the very im-
portant case of chemical mechanical polishing, or even just
plastic deformations on surfaces), or chemical (exposure
to environment), which were originally thought to be Gaus-
sian. Tabor [15] in summarizing his findings on adhesion,
wrote that “if the surfaces are ductile the junctions can ac-
commodate the prizing action of the higher asperities and
strong adhesions may be observed. The overall conclusion
is that adhesion between solids depends not only on sur-
face forces but also on surface roughness and the degree of
ductility of the solids themselves”.

Unfortunately, there is also limited literature on the ef-
fect of roughness on adhesion, and particularly on the form
of the height distribution. So, while we have used some
literature about macroscopic metallic surfaces and Weibull
distributions, these models generally do not look for adhe-
sion effects. Ideal experiments to compare to would be simi-
lar to the Fuller and Tabor ones on elastomers.

5. Conclusions

Gaussianity of random surfaces has become so much
the standard assumption that very seldom any statistical
test is conducted when measuring real surfaces: their “fractal
dimension” is measured and the entire power spectrum
density (PSD) function, although in the end for a Gaussian
process all we need is the variance of heights, slopes and
curvatures. Self-affinity and power law PSD do not mean
Gaussian distributions of heights. While the shape of the
asperity height distribution has not much effect in adhesion-
less contact, there is a large effect when adhesion is in-
cluded. Here, a Weibull distribution is used to attempt to
quantify this effect. It is found that the “stickiness” crite-
rion (i.e. when the area load relationship turns into nega-
tive loads quadrant) increases with Weibull shape parameter
changing the critical parameter of an order of magnitude.
The pull-off forces can have values orders of magnitude
lower or larger than what expected by the Gaussian distri-
bution. Probably results would vary very much from one
numerical experiment to the other, unless special care is
taken to try to render the process more “ergodic”. But it
may be still important to quantify the fluctuations as in us-
ing the model for a real rough surface (assumed Gaussian),
there may be a significant error. In particular, the present
discussion is of practical importance for many applications
in biology and medicine [15].
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