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Effects of creep on the behavior of nanometer-scale contacts to viscoelastic materials are
described from the viewpoint of the contact mechanics theory developed by Ting. The
two most important effects are: (1) The time at which maximum contact area and
maximum deformation occur can be delayed substantially from the time of maximum
applied load. (2) The deformation at separation is related to the loss tangent. These long-
range effects due to creep are distinct from the much shorter-range crack tip effects
induced by adhesion at the periphery of the contact and associated with the names
Barquins and Maugis. Consideration of relevant time scales reveals that creep effects are
expected to dominate in SFM-scale contacts for a wide range of compliant viscoelastic
materials. Guidelines for selection of optimal experimental parameters for nanometer-
scale studies are presented. The need for a comprehensive theory is emphasized.

Keywords: Viscoelastic materials; Nanomechanics; Contact deformation; Contact
mechanics; Scanning force microscope

1. INTRODUCTION AND BACKGROUND

There is increasing need for quantitative measurements of properties
of materials with nanometer-scale resolution. Applications include ma-
terials characterization [1,2], microelectromechanical systems and
tribology [3—7], and biological systems [8]. At present, the scanning
force microscope (SFM) [1] is the predominant method for such
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measurements although other techniques are promising [9]. In SFM,
the indenter is a sharp tip that is contacted to the sample and the
mechanical response measured. The edge of the contact is frequently
pictured as the tip of a crack [10, 11] so that any increase or decrease
in contact size is equivalent to the closing or opening of a crack at
the contact periphery. The SFM tip shape is usually modeled as a
paraboloid of revolution f(r) = r*/2R, where f(r) is the height at radius
r and R, is the radius of curvature at the point of contact [12, 13].
Figure la compares a parabolic profile with a typical dimension for
SFM tips (R, =50nm) with spherical profiles of radii 50 nm. Cylin-
drical coordinates (r, z) are used. Notation used to describe the con-
tacts is shown in Figure 1b for a rigid parabolic probe in contact
with an initially-flat, perfectly-elastic substrate under time-dependent
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FIGURE | (a) Parabolic profile used to model the SFM probe (solid line) compared
with a spherical profiles with a radius R,; (b) Geometry of a deformable contact between
an axially-symmetric, rigid probe and flat surface.
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load P(r). The radius of the circular contact is «(f) and the rate at
which it changes is V=da/dt;, 6(P,1) is the deformation along the
symmetry axis. Mechanical properties such as modulus, yield strength,
and work of adhesion are extracted from the SFM data using conti-
nuum mechanics models from the field of contact mechanics [14, 15].
These models include adhesion and are very well developed for con-
tacts between elastic materials [16].

Unfortunately, the appropriate contact mechanics analysis is not
yet completed for viscoelastic materials. However, Johnson [17] has
recently identified two limiting regimes, each with a characteristic re-
sponse time. In this chapter, these regimes will be called the crack
regime and the creep regime and their characteristic times the crack
relaxation time, Terack, and the creep relaxation time, Tereep. IN
the creep regime, bulk deformations due primarily to the Hertz
contact pressure are dominant and the effects of adhesion are
neglected. Since the contact radius, a, characterizes the range of creep
deformations,

Tereep =~ a/<v> (1)

where (V) is the average value of V. In the late 1960’s, Ting [18, 19]
solved the creep problem for cases where adhesion can be neglected.
More recently, Wahl, Stepnowski and Unertl reported creep effects in
SFM studies of 1,2 polybutadiene [20, 21]. The primary purpose of this
article is to describe the application of the Ting theory to nanometer-
scale contacts.

In the crack regime, viscoelastic response is limited to a narrow
zone at the periphery of the contact and long-range deformations
are treated elastically; i.e., creep effects are completely ignored. The
theoretical description of the crack regime was developed by Barquins
and Maugis [22, 23]. They incorporated viscoelastic response into the
fracture mechanics approach to contact mechanics. The crack length,
/, provides a measure of the range of crack tip effects so that

Terack =~ l/<V> (2)

Barquins and Maugis validated their model experimentally for
macroscopic contacts to polyurethane [10, 22, 23]. Basire and Fretigny
[24] used SFM to study the engulfment of the SFM probe into a
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styrene-butadiene copolymer in the absence of any applied load. This
process is driven entirely by adhesion forces [25].

Since / < a, Terack < Tereep [17]. For SFM-scale contacts to compliant
materials the difference is expected to be large, so that Teruek € Tereep
{26]. Thus, in SFM, one expects the response of the contact to be
dominated by the regime whose relaxation time is closest to the
relaxation time of the viscoelastic material under study. Further-
more, both 7¢ruek and Teeep €an be varied over wide ranges by in-
creasing or decreasing the total contact time, feonwer and, thus,
changing (V).

The experimental range of f.onwer @ccessible in quantitative SFM
experiments is fairly large, typically from a fraction of a 1 ms to about
1000s. The longest contact times are limited by thermal drift and
creep of the piezoelectric elements. The shortest times are limited
by cantilever response times and roll-off frequencies of electronic
filters. Measurements can also be affected by mechanical resonances
and frequency-dependent phase shifts of the instrument. These instru-
mental limitations, and others [8, 12], must be quantitatively under-
stood before reliable measurements of mechanical properties can be
made. Contact radii are typically in the range 1nm < a < 100nm
for the probe tips and loads normally used in SFM experiments. Thus,
the average rate of change of the contact radius (V') = (da/dt) lies in
the range 0.001 nm/s < (V) < 100 umy/s. This overlaps the range of
some macroscopic contact experiments, which typically have (V) 2
I um/s [23].

The major goal of this paper is to provide an overview of current
understanding of the role that creep plays in the formation of contacts
with nanometer-scale dimensions. The primary theoretical formula-
tion of viscoelastic contact mechanics, due to Ting, is reviewed.

Quantitative examples based on simple mechanical models are used
to illustrate the creep effects expected in dynamic SFM loading
experiments. Some of these results have been presented previously
[20,21]. The major limitation of the Ting theory is its neglect of
adhesion. Approaches to include adhesion, at least approximately, are
discussed. Considerations for design of SFM experiments to empha-
size either the creep or crack regimes are presented. Much of the ma-
terial also applies to ultra-low-load indentation experiments like
those of Asif, Wahl and Colton [9].
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2. CONTACT MECHANICS FOR VISCOELASTIC
MATERIALS IN THE ABSENCE OF ADHESION

Viscoelastic effects become important whenever contact dimensions
change in a time interval that is comparable with a characteristic
relaxation time, 7, of the viscoelastic material. Ting [18], following
earlier work by Lee and Radok [27] and Graham [28], obtained a gen-
eral solution to the equilibrium Hertz contact problem for the case
of a rigid axisymmetric probe with shape f(r) and an isotropic sub-
strate with linear viscoelastic response. This response will be referred
to as creep. He assumed a linear viscoelastic stress—strain (o;— ;)
relation of the form

oy(t) = /(;[[ZG(r— 7)0ei(1) /07 + 65\t — T)Oewi () /Or)dT  (3)

where G(r) and A(r) are time-dependent relaxation moduli. G(¢) is the
relaxation modulus in shear. The bulk modulus K(¢), the Poisson’s
ratio, (1), and the Young’s modulus, E(¢), are all time dependent and
related to G(r) and A1) by K(n)=X+ (2/3)G, v(0)=(1/2)(3K —2G)/
(B3K+ @) and E(1)=9KG/(3K+ G) [29]. The lower limit 07 allows for
discontinuous jumps in stresses and strains at t=0. Ting obtained
explicit expressions for the contact radius, a(f), and the penetration,
6(1), of the tip of the indenter assuming the following boundary condi-
tions at z=0:

0.-=0,.=0 r>a(r) A
u-(r,t) =6(t) —f(r)H(t) and o,.=0 r<a(l) )

where u_(r, t) are the vertical displacements under the indenter in the
z-direction and H(r) is the Heavyside step function. These boundary
conditions, Eq. (4), assume the stress component in the interface to
be zero. This condition can be met either if the contact is frictionless
or if the probe and substates have identical mechanical properties, re-
quirements that are probably seldom met in real contacts. However,
at least in the case of elastic contacts, failure to satisfy this condition
leads to errors of only a few percent in contact radius and pull-off
force [14,30]. The z-axis coincides with the symmetry axis of the
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indenter, is directed into the sample, and has its origin at the
undeformed surface of the sample. These boundary conditions assume
no adhesion and no friction at the interface between the indenter and
sample. The solutions can be expressed in terms of two functions, ¢(7)
and v¥(r), whose Laplace transforms are related by sz@(s) = l/sq@(s) =
sG(s)/[l — si(s)]. If the Poisson’s ratio, v, is assumed constant, (7)
has the same form as G(¢), the relaxation modulus in shear, and ¢(r)
has the same form as the creep compliance in shear [18,29].

The specific form of the solutions depends on whether the contact
radius, a(), increasing or decreasing and whether it is larger or smal-
ler than its value at 1=0. Figure 2 shows the three cases of interest
here. The initial contact radius is a,. Non-zero a, can occur two ways.
(1) The contact can reach equilibrium following application of a
load in the distant past. (2) The viscoelastic response has a perfectly
elastic component as is the case for the Maxwell and standard solid
models. In case 1 (Fig. 2), a(¢) is increasing (¢ < t.,) and the solution
confirms the earlier result of Lee and Radok [27] which was based
on the Boltzmann principle of correspondence [29]. Specifically, for
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FIGURE 2 Variation of contact radius with contact time.
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a parabolic indenter with.f'(r)=r2/2R‘,:

g . ()u( )
P(1) = 55 fo e = 7) %5 ‘IT} if da(r)/dt > 0. (5)

(Sl(t) = (1“(1 /Rr)

If the applied load is known, a(r) is determined from Eq. (5) using
Laplace transforms [18].

Case Il is the interval between 1., and r’, where a begins to
decrease but is still larger than its initial value, q,,.

)’(
Puln) = fy " otr =) 5

, " if a(tpeuk)za([)zav
Su(t)=8i(2) - [, Alt=T)5 [ il —n) W dndr

(6)

where 96,/01 1s evaluated assuming Eq. (5) is valid beyond 7,,,,. These
equations have two surprising features. First, the value of «(r) at any
t in the interval 1,,,, <1 <1’ is determined entirely by the history of
the contact prior to r,(1), the time at which a initially reached the
same radius as at 7. Second, the value of é;;(¢) depends only on the
history between #,(r) and 1 and is independent on the behavior prior
to £(1).

Finally, case I describes the behavior after ¢ has decreased below
a,; ie. fort>1’,

Pui(1) =3%“¢(f)a?(1) ,
, . m[w if a(t) <a,
Sui(1) = bu(t’) = [, o V2[5 v(r—n) o dndT
(7)

where ¢y, 4; and é;; are evaluated assuming Eqs. (5) and (6) are valid
beyond ... Equations (5)-(7) scale with R, in the same way that
the elastic Hertz results do; i.e., a R(],/3 and 6 x RJI/B.

3. EXAMPLES

We now use the three simple mechanical models shown in Figure 3
to illustrate the effects of creep on the formation and rupture of
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FIGURE 3 Simple mechanical models of linear viscoelastic response. (a) Maxwell
model; (b) Voigt/Kelvin model; (c) Standard solid model; (d) Creep compliance
functions; (¢) Stress relaxation functions. (f) Strain following a step increase of stress at

t/T and a step decrease at 4 /7.
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contacts with nanometer-scale dimensions [26,31]. The elastic ele-
ments are Hookeian springs each with shear modulus g. Each viscous
element is a Newtonian dashpot with viscosity 7. These mechanical
models do not quantitatively describe actual polymers. However, they
do capture the major features of the polymer response and. there-
fore, provide simple models that are useful for semi-quantitative ana-
lysis of data and for the design and interpretation of experiments.
It is in this spirit that they are used here. Unless stated otherwise,
specific examples shown below use the parameter values g=g,=
2MPa, g, =10MPa, n=10MPa-s, with corresponding relaxation
times (see below) of 7yy=71-=7,=50s and 7>,=8.33s.

The Maxwell model (Fig. 3a) consists of a spring and dashpot in
series. Figures 1d and 3e show the creep compliance and stress relaxa-
tion functions

(8)

em(t) = (1+1/m)/g }
Yum(t) = gexp(—1/7u)

where T, =1/g 1s the characteristic relaxation time following a step
change in strain. The Maxwell model is fluid-like if the viscosity is
small and solid-like if it is large. Figure 3f shows the strain response
of the Maxwell model subjected to a sudden step increase in stress
by o, at t/7,=1 followed by a sudden decrease by —o, at t/7,=4.
The instantaneous elastic response of the spring is followed by a lin-
ear response of the dashpot. When the stress is removed. the spring
instantly relaxes but the dashpot remains extended; the Maxwell mod-
el can exhibit permanent deformation.

The Voigt/Kelvin model (Fig. 3b) has a spring and dashpot con-
nected in parallel. The creep compliance and stress relaxation func-
tions are

@V(f):(l —el/r‘)/g} (9)
vy (1) = g(1 + 76(1))

where 7,-=7)/g is the characteristic relaxation time following a step
change in stress. Equations (9) are plotted in Figures 3d and 3e.
The dashpot prevents any instantaneous elastic response. Unlike
the Maxwell model, there is no permanent deformation (Fig. 3f).
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The Maxwell model is a better approximation to the stress relaxation
of polymers while the Voigt/Kelvin models better approximates
creep response [31].

The standard solid model (Fig. 3c) is a three-parameter model that
gives a better overall approximation to the response of polymers to
changes in stress and strain. It consists of a Voigt/Kelvin model with
parameters g, and 7 in series with an elastic spring g,. The creep
compliance and stress relaxation functions are

¢<z>=i[< ")~ expl-t/m)|

g2l T —N2

(10)
W(t) = T‘ ﬁ) [l +(n=n T’)exp(—t/rl)]
where 7, =n/g; is the relaxation time following a step change in stress
and 7, =n/(g, +g2) is the relaxation time following a step change in
strain; 7, is always greater than 7,. Equations (10) are plotted in Fig-
ures 3d and 3e. There is an instantaneous elastic response due to g;.
If the loading varies cyclically at frequency w as in dynamical me-
chanical testing, the response is characterized by a complex modulus
and phase lag. For example, the mechanical response to a strain and
stress

e(t) = g, exp(ivt)

o(t) = o,exp i{wt + 8) (D
with amplitudes ¢, and o, is given by
G(w) = (0o/€0) expib = Gi(w) + iGa(w) (12)
and
tané(w) = G2(w)/Gi(w) (13)

where G, is the storage modulus and G, is the loss modulus. G(w)
and G,(w) are related to G(1) by

G(w) = w/ooC G(t)sinwtdt and G (w) = w/ooo G(1) coswtdt.
(14)
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Time scales of experimental creep data are converted into frequency
scales using the relationship w=1/r [29].

The fraction of the maximum energy stored that is lost per cycle is
AW/W = 2zsind which has its maximum value at w,, the frequency
at which tané is maximum. Figure 4 illustrates the typical frequency
dependence of G(w), Ga(w) and tané for the standard solid model
with g, =1GPa, g-=1MPa and =100 MPa -s. For these parameters,
71=100s, 7,=0.1s and w(,=0.3163*'. This model has properties
similar to a styrene-butadiene random co-polymer with glass transi-
tion temperature near room temperature [24,32]. G, is smallest at
low w where the polymer has rubbery response and largest at high w
where the polymer has glassy response. At high frequency, the dash-
pot cannot respond and the system responds like an elastic spring
with modulus G,(w— oo} — g;. At low frequency, the dashpot can
fully relax and the system again responds elastically but with mod-
ulus Gi(w—0)—gg:/(g1 +g2)=~g> If g2k g, as in the example.
Tané peaks at w, = 1/,/7172 where G| is beginning to increase rapidly.

20
10° £
—10°E
£
=, ©
$ 10 =
bf_ 10 ; E
F
10°
R L R —— R
0.001 001 0.1 I 10 100 1000

w (s'l)

FIGURE 4 Frequency dependence of the storage modulus, G|, loss modulus, G, and
tand for the standard solid model with g;=1GPa. g,=1MPa and n=100MPa s
(ry=100s, 72=0.1s and w,=0.3165"1).
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Real polymers may have multiple peaks in tané. These peaks are fre-
quently associated with excitation of particular molecular motions
of the polymer, the glass transition temperature, or the melting
temperature.

For the standard model, Figure 5 shows the interrelationships be-
tween the relaxation times, 7 and 7, the frequency, w,, and tanéd,,.
The solid lines show the dependence of the maximum value of
tanéd on 7, and 7, for tané,., =0.001, 0.01, 0.1, 1, 10 and 100; i.e.,
from nearly elastic to very dissipative materials. The diagonal dashed
lines show the values of w,. The ranges of 7, 7, and w, were selected
to span that generally accessible to SFM instruments. When reading
the plot, it is important to keep in mind that =, > 7,, always. Highly

T,=n/(g, *+ &, (s)

0.001 0.01 0.1 1 10 100 1000

100

10
—_
wa
[—
(o]
S0 1
=

ST 0

0.01

0.001

FIGURE 5 Dependence of tanéy,, on 7 and 73 for frequencies accessible in SFM
experiments. Solid lines are for tanéy,., = 0.001, 0.01, 0.1, 1, 10 and 100. Dashed lines
show the frequencies at which the maxima occur.
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dissipative materials occur toward the upper left corner and more
elastic materials toward the lower right diagonal edge. This type of
plot is useful in selecting parameters to match the standard model to
a particular set of data. For example, if 7, and w, can be estimated,
then 7; and tané can be determined directly from Figure 5. In the
case of 1,2-polybutadiene [20], shear modulation measurements sug-
gest 71~ 50s and tand ~ 1 so that 7, 20s and w,~0.03 s L.

In the following subsections, these mechanical models are used to
demonstrate the ways creep can affect nanometer-scale contacts. The
response is calculated using a time-dependent applied load (Fig. 6a)
selected to be similar to the load variation in a typical SFM force-
distance measurement. The total time of contact between the probe
and substrate iS f.onwe and the time at which maximum load, Ppay,
occurs i Vieonact Where 0 < y < 1. Typically in SFM, y=0.2—-0.3.
The unloading time is 7yn10ad = (I — ¥)contact. The slopes of the loading
and unloading curves can be varied independently which is not the
usual case in SFM experiments. The probe shape is assumed to be
a paraboloid of revolution as in Figure 1 with R,=50nm. For this
probe shape and linear loading, the contact radius and deformation

(a)
P o
- 0 ' : t, Time
g owd t
O\ load unload
&l
Pmax """"""" " """ A (b)
it .
/ : t, Time
BARW
-8 t=0 yt tw::wiau
=) contact g
—
Q:
SRR P

FIGURE 6 (a) Time-dependent linear loading ramp; (b) Time-dependent loading ramp
with jump-to-contact and pull-off behavior.
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scale as a(r) P3RS and o(f) x PR, Thus, all the specific
results presented below for Pp.,=2nN and R,=50nm are easily
extended to any other combination of P, and R,.

The choice of probe shape bears additional comment. A parabolic
probe is frequently assumed for model calculations primarily for com-
putational convenience. It is also the one choice made in all the
commonly-quoted results from contact mechanics (Hertz, JKR, DMT,
Barquins-Maugis, ezc.) and, therefore, facilitates comparisons be-
tween viscoelastic and elastic materials. Additionally, a paraboloid
is a good approximation to a sphere as long as the contact radius is
much smaller than the sphere’s radius (a < R,). As an example, Fig-
ure la compares a parabola and sphere both with radius R,=
50 nm. However, as soon as a reaches R,/10 or R,/20, the paraboloid
ceases to be a good approximation to a sphere. This condition is usu-
ally exceeded in SFM-scale experiments on compliant materials.
Additionally, real SFM probes are generally neither parabolic nor
spherical, except within about the first nanometer from the end [13].
Thus, for very compliant materials, which have §>> R, even in the
absence of an applied load [24, 33], the shape of the probe far from
the end must be included if quantitative comparisons between experi-
ment and theory are to be made. A conical probe shape may be a
better choice [24, 33]. Incorrect choice of probe shape can have seri-
ous consequences. For example, in Hertzian contacts & scales as P?>
for a parabolic probe, but as P'/? for a conical probe.

3.1. Maxwell and Voigt/Kelvin Models

We now use the Maxwell and Voigt/Kelvin models to illustrate some
of the important characteristics of creep. These models are simple
enough that the Ting equations [Egs. (5)-(7)] can be solved analyti-
cally. In nearly all other cases, analytical solutions are not possible.
Specific calculations below use g=2MPa, n=100MPa-s and 1), =
Ty =350s. These values are similar to those measured experimen-
tally for 1,2-polybutadiene freshly cast from toluene solution [20, 21].
These models have behavior that brackets that expected for real
materials.

Figure 7 shows the major features of the Ting solution for the
Voigt/Kelvin model (Fig. 7a) and the Maxwell model (Fig. 7b). The
contact radius, a, is plotted as a function of f/f.onuet fOr various
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FIGURE 7 Solutions to the Ting model for contact of a rigid parabolic probe to a
viscoelastic substrate described by (a) the Voigt/Kelvin model and (b) the Maxwell
model.

lLeonuet- EAch curve is labeled by its value of f.gnue. The maximum
load occurs at y=0.2. Also shown for reference is the response of
an elastic material with the same g (solid line). The most striking fea-
ture of both models shown in Figure 7 is that the time of maximum
contact radius. f,x, does not coincide with the time of maximum load
(1 = Vleonaer) @s it does for elastic materials. Instead, maximum radius
always occurs after the maximum load. This delay occurs because the
substrate continues to respond by creep even during the unloading
cycle.

Consider first the Voigt/Kelvin model (Fig. 7a). For finite contact
times, the contact radius increases more slowly than in the elastic lim-
it and its maximum value is always smaller. AS lfeope g0€S to val-
ues much shorter than 7, the response of the dashpot increasingly lags
the applied load because tand=T;w,~ T /lconact- The contact be-
comes increasingly rigid, the maximum value attained by « becomes
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smaller and smaller, and t,,,, shifts closer and closer to the end of
the contact (e.g., fmax — tcontact) @8 shown Figure 8. Specifically,

y
y—1+ exp(ytconmct/TV)

; (15)

fmax = —7y In

i.e., tmax 18 a function of only (74, ) and is independent of both P,
and R,. The ordinate in Figure 8 is the fractional position of the peak
in the unloading part of the cycle (fyux — Vlcontact) NOrmalized to the
total unloading time (fcontact — Vcontact); it varies between zero and
unity. For the Voigt/Kelvin model, y has little influence on the relative
time in the unloading cycle at which maximum radius is reached. The
total possible range of 0 <y <1 is shaded in dark gray in the figure.
AS Ieonaer Decomes much longer than 7, the dashpot is more respon-
sive, and 1, decreases toward the time of maximum load; i.e., the
contact becomes more and more elastic. The most rapid variation
of tmax occurs for f.onuace In the range 0.057 < teontaa < ST

0.8 |-

0.0 |-

( 'rr:.l.n'_l.‘runj:‘u'.' ) Lunte el

IL'.’ miact T

FIGURE 8 Relative time of the maximum contact radius in the unloading cycle as a
function of t.onaet/7 for the Maxwell and Voigt/Kelvin models. Adhesion is neglected.
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In contrast to the Voigt/Kelvin model, the contact radius for the
Maxwell model (Fig. 7b) is always larger than the elastic limit. In
fact, a 2 R, once fconmer > Tas and this makes the more fluid-like
Maxwell model more sensitive to the assumptions about the probe
shape for a given (g, 7). If feonuet < Taro @ has no delayed maximum.
But as 7eonter > Tas» the dashpot has more and more time to respond,
the maximum reached by a becomes larger and larger, and 1,
moves closer to feone according to

Imax -1 ™ (16)

’

tcomac( tconlacl

i.e., the relative position of 1,,,, is independent of y and depends only
on 7, The relative location of ay,,, in the unloading cycle is com-
pared with that of the Voigt /Kelvin model in Figure 8. The area shad-
ed light gray indicates the full range of y values.

Experimentally it is desirable to have the maximum contact area
occur in the middle of the unloading cycle since this region is isolated
from the times of maximum loading and rupture where the maximum
might be more difficult to distinguish. Examination of Figure 8 shows
that this is generally possible if the maximum load occurs as soon as
possible (y=0) and if f.onua =T

3.2. Standard Solid Model

The standard solid model is more representative of contacts to poly-
meric solids and exhibits behavior intermediate between the Maxwell
and Voigt/Kelvin models. Johnson used the standard model to illus-
trate the time and load dependence of « from the viewpoint of
the Ting model [17]. Typical response behavior is shown in Figure 9.
The radius is confined between two himiting cases. For 7.oniae <
Ty, the response approaches that of an elastic Hertzian contact
of stiffness, g,. For teopme > 71, it approaches that of an elas-
tic Hertzian contact of stiffness g,g2-/(g,+g>). At intermediate
lconwer, the behavior varies continuously between these limits. The
contact radius, a, has the same delayed maximum behavior found
for the simpler models. The relative time in the unloading
cycle at which the maximum contact radius occurs is shown in
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FIGURE 9 (a) Variation of the contact radius, 4, for the standard solid model for
Teontact/T1 =0, 0.2, 1.0, 2.0, 10, 20, co. The loading cycle is as in Figure la with p = 0.25
and 1 = 10MPa-s; (b) a(1)/(dajdi) for the same parameters as in (a): (c) Time in
unloading cycle at which maximum contact radius occurs as a function of fconruct.

Figure 9c. The largest fn.x occurs for feoniact=71. This time is
close to 1/w,, the time at which energy dissipation has its maximum
value.
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Unfortunately, SFM measurements cannot directly determine the
contact radius. Therefore, it is more important to examine the effects
of creep on the deformation, ¢, because this parameter can, in principle
at least, be determined by SFM. Figure 10a shows P vs. 6 obtained

~~
Z,
=
N’
e
<
=}
—
)
100 4
= (b)
p—a
g 4
= 104
21
L]
5 —-.\‘\-
o
o
%! I 4
—
[+
5
g 0.14 tan(9)
g
S
L.;o) 0.01 M T T — T T 1
0.01 0.1 | 10 100
[

FIGURE 10 (a) Variation of the deformation, &, with load for the standard solid mod-
el for various contact times, feonue. Parameters are the same as in Figure 9a; (b) Varia-
tion of the deformation at separation with f.onue fOr the parameters in Figure 9a. Also
plotted is tané where the frequency-to-time conversion has been made using 1= m/w.
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for the same parameters as in Figure 9a. The solid lines indicate the
limiting elastic cases, which are reversible. The loading portion of the
deformation curves shift continuously between these limits as fconiact
increases. As is the case for g, é continues to increase after the load
starts to decrease, i.e., the probe tip continues to penetrate deeper
into the substrate even though the load is decreasing. The maximum
penetration is reached slightly after maximum « is reached. Separa-
tion of the probe and substrate at the end of loading (i.e., = lcontact
and a=0) occurs well before § can return to zero. The deformation
at separation is plotted in Figure 10b and is largest when 1, =27,
Also plotted in the figure is the loss tangent where the frequency has
been converted to time assuming f=m/w rather than the standard
t=1jw. Clearly, the maximum deformation at separation is correlat-
ed with the maximum energy dissipation and its shape, as a function
of 7contacts 18 Very similar to that of tané. The magnitude of the maxi-
mum deformation at separation is large, nearly 10nm in this
case. This large effect should be easily observable with SFM or other
ultra low-load indention instruments.

3.3. Implications for Experiments
on Viscoelastic Materials

These simple models provide a phenomenological framework for
design and interpretation of experiments involving nanometer-scale
contacts to viscoelastic materials. For example, the following general
observations can be made:

1. The maxima attained by the contact radius, ¢, and deformation,
6, always increase as the contact time f.oniact 1INCreases.

2. The ranges on both a and can  are bounded unless the polymer
behaves more like a Maxwell fluid. The upper bound is set by the
elastic response determined by the limiting value of the modulus
at low frequencies. The lower bound is set by the elastic response
as determined by the high frequency limit of the modulus.

3. Both @ and § attain their maximum values during the unloading
for a large range of contact times. The maximum delay occurs when
the contact time is approximately equal to the inverse of w,, the
frequency at which tané is maximum.
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4. CREEP IN VISCOELASTIC CONTACTS
WITH ADHESION

The discussion of creep given above completely ignores adhesion.
Unfortunately, the contact mechanics problem for a viscoelastic ma-
terial that includes both adhesion and creep has not yet been solved.
Certainly, adhesion will increase the contact area, just as it does
for elastic materials.

The boundary conditions on z=0, as given by Eq. (4), must be
modified to include contributions to the radial pressure distribution,
p(r), from adhesion forces [16]. One possibility is to use

o.-=—p(r)=— 86;;((?)) and o, =0. (17)

everywhere at the interface, where w(D) is the free energy of inter-
action between planar surfaces separated by D and might be ap-
proximated by Lennard-Jones or Dugdale potentials. This is the
approach used by Hughes and White [34] and Barthel [16] to obtain
a general solution to the equivalent elastic problem. Equation (17) is
the Derjaguin approximation and is satisfied for SFM-scale contacts
[12]. The adhesion energy, W, is related to w by [16]

B > [ 0ow(D)
W=- /0 o(D)dD = /0 2D dD. (18)

An alternative i1s to maintain the mixed boundary conditions of
Eq. (4), but with p(r) specified only for r > a:

0..=0—0..=—p(r) forr>alr). (19)

This approach has the advantage that only the attractive portion of
w must be known. On the other hand, it assumes the spacing between
the probe and substrate is constant everywhere inside the contact,
usually estimated to be an interatomic spacing.

In the absence of an adequate theory, Tirrell and co-workers [35]
have suggested an ad hoc approach to incorporate the effects of adhe-
sion into the Ting model. In analogy with the Johnson, Kendall
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and Roberts (JKR) [36] theory of adhesive elastic contacts, they simply
replace the load in Eq. (5) with an effective load based on the JKR
result, i.e.,

P(1) — Peir(1) = P(t) + 31WR, + \/ 67WR,P(1) + (37WR,)*.  (20)

This substitution is expected to be valid only as long as the contact
radius is increasing, since Eq. (5) applies only in this case. Equation
(20) was found to give a good description of the increase in area of
contacts between 0.7-1.2 mm diameter spheres of diblock copoly-
mers of poly(ethylene)-poly(ethylene-propylene) [35]. In particular,
the values of W extracted with this analysis were in excellent agree-
ment with values determined by contact angle measurements [37].

Unertl extended this approach to include cases for which a is
decreasing [26]. He used the Derjaguin-Muller-Toporov (DMT ) limit
P.g(t) = P(t) + 27 R, W (see Fig. 6b), rather than the JKR limit, for
analytical simplicity. In the case of the Maxwell model, the only ef-
fect is the expected increase in the contact radius. More importantly
for the present discussion, there was no effect on the time lag at
which the contact area reaches it maximum value. In the case of the
Voigt/Kelvin model, the maximum value of the contact radius also
increases. However, unlike the Maxwell model, 1., shifts toward
shorter delay times, but by no more than ten percent. These results
suggest that the major conclusions of the preceding section, particular-
ly those shown in Figures 8 and 9c, will not be significantly altered
by inclusion of adhesion. Specifically, inclusion of DMT adhesion ap-
pears to make only minor modifications to the Ting analysis for
SFM-scale experiments.

A model proposed recently by Hui, Baney and Kramer incorpo-
rates adhesion and viscoelasticity [38]. The key feature of this model
is the explicit realization that the cohesive zone at the crack tip must
be finite in extent. This means that stresses are finite everywhere
and, consequently, the rate of energy flow into the cohesive zone is
dependent on the crack speed, da/dr. That is, unlike the case of elastic
materials, the stress intensity factor K(f) must be time dependent.
Viscoelastic effects are described using the approach of Yang [39],
which restricts the results to monotonically increasing contact area.
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The contact area and deformation are expressed as

+ (1) * P(1) + ¢oKi (1)

3., _ 3R | 3RT¢IK} (1)
@ =7 { >

\/[Mém(’)]zqthR[é(f)*P(’)]} (21)

and

a(n  Ki(r)y/ma()

=" e

(22)

where ¢, is the short time compliance, v, is the short time relaxation,
Ki(r) is the time-dependent Mode I stress intensity factor, and
o(1) x P(t) = [y ¢(t—1)(OP(7)/Or)dT. K\(1) is eliminated from (21)
and (22) using Schapery’s solution for a closing crack [40], in which
the cohesive forces are described by a Dugdale potential and the
viscoelastic response by a simple creep compliance function

B(t) = ¢o + P11 (23)

where and ¢, and m are constants. The long-time behavior of this
model is fluid like. The rate of change of contact radius is given by

da(t) wK}(D) [ & ® Dim+ 1) T |

. 2m+1 ) ~ 8Wm(m+1) B
A(Z)_4w(m+1)¢)“K‘(t){l+\/1 ¢‘,K,2(t)(2m+1)2} @)

For a load-controlled experiment, P(¢) is specified and Eqs. (24) and
(21) or (22) are solved simultaneously to eliminate K; and obtain the
time variation of ¢ and 8. For a displacement-controlled experi-
ment, 8(7) is specified and Eqgs. (24) and (21) or (22) are solved simul-
taneously to obtain the time variation of ¢ and P.
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Hui, Baney and Kramer show explicitly that Eq. (20), used by
Tirrell and coworkers, is a misapplication of the correspondence prin-
ciple and cannot be correct. In numerical simulations, they obtain
reasonable fits to the data of Ref. [35] and also show that Eq. (20)
overestimates a(?).

The model used by Hui, Baney and Kramer requires a detailed
knowledge of the local failure and bonding processes at the crack
tip. This leads them to suggest that adhesive properties of contacts
to viscoelastic materials are not best characterized by the work of
adhesion, W, but rather by the stress intensity factor K(¢). The rela-
tionship between a(f) and K;, Eq. (24), is complex since a(f) can
depend on the entire history of K.

5. TIME SCALES IN SFM EXPERIMENTS

As discussed in the introduction, the creep and crack regimes can be
distinguished by their relaxation times, T¢ack and Tgreep. In this section,
the expected magnitudes of these relaxation times are estimated and
the experimental regimes in which one is emphasized over the other
are determined. Estimation of 7., for a viscoelastic material re-
quires an estimate of the crack length, /, which can be obtained us-
ing the Dugdale interaction model [17, 41, 42], as follows.

The Dugdale model provides a more realistic description of the
deformations near the contact periphery than does the JKR model.
The pressures in the contact are compared for the two models in
Figure 11 with the JKR model on the right and the Dugdale model on
the left. The Dugdale interaction is also compared with a Lennard-
Jones interaction in the insert on the left. The Dugdale interaction
approximates the actual probe-substrate interaction force per unit
area as a square well of depth, o,, and range, 4,. The work of adhe-
sion is W=a,h,.

In the JKR limit, the pressure in an adhesive contact between elas-
tic bodies has two components, shown schematically on the right
hand side of Figure 11. They arise from the external load and from
the adhesion [14]. Superimposed on the figure (heavy lines) are the
outlines of the substrate and parabolic tip as in Figure 1b. The
Hertzian contribution from the external load (dashed line),
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FIGURE 11 Comparison of the Dugdale and JKR models.

Pexiernal(F) o /1 — (¥2/a?), has the same form in both JKR and
Dugdale models. It is largest in the center and falls to zero at the

edges. In the JKR model, the adhesive contribution (dotted line)
results in an additional contribution to the pressure, pyxr(r) x —1/
V1= (r?/a?) where a now depends on the adhesion and, conse-
quently, so does Pexiernal- PIkR 1S compressive and diverges strongly
and unphysically at the periphery (r= a). This non-physical divergence
is eliminated in the Dugdale model (dotdash line) where [10]

~Hetan ! [l r <a
pDugdule(r) o 1+ (r/a)

—o,ifa<r<a+d

where m=(a + d)/a. In both JKR and Dugdale models, it is clear that
the dominant effects of adhesion occur at the contact periphery.

The lateral distance, d, over which the Dugdale force acts outside
the contact defines the Dugdale zone. For a parabolic probe, d is



09:59 22 January 2011

Downl oaded At:

220 W. N. UNERTL

determined from [10]

4
hy = Wa | —m+vVm? —1cos™! l
h,mE* m

+

2
¢ [\/m2 — 14 (m* —2)cos™! <l>} (26)
R, m
where E* = [(1+v])/Ei+ (1 + 1/%)/E2]7I is the effective modulus
and the subscripts refer to the probe and substrate. In the limit d <« a,

d ~ wE*h? /4W (27)

and is independent of R,. (The equivalent expression given in Ref. [17]
1s incorrect.)

Creep and crack response are very different at the SFM-scale
because / and a are very different. To show this, first consider a crack
between elastic materials. Greenwood and Johnson [42], using the
approach of Schapery [43], showed that the crack length, /, can be
estimated as / =~ E*h%/2W. Comparing this with Eq. (27) shows that
I=2d/m. Thus, d is a reasonable estimate of the crack length and, in
the following, we assume /=d. For viscoelastic materials, Greenwood
and Johnson further showed that the same result holds but with
E" replaced 1/¢(T¢rack). Thus, dja is in the range EZ h2/2aW <
d/a < E}h?/2aW where E?_ is the limiting modulus for a slow mov-
ing crack (T¢rack — 00) and E} > E is the limiting value for a fast
moving crack (7crack — 0). Combining Egs. (1) and (2), and using
the JKR radius at pull-off (apyi-or = {/97WRZ/8E*) as a convenient
lower bound to 4, yields

, 2/3
Tcrack/Tcreep < hi (ﬂ'E; /3W2Ra> (28)

Equation (28) is plotted as a function of E} in Figure 12 for the
limiting combinations of W and R, expected in SFM measurements.
SFM probe tips have nominal radii in the range 10nm < R, < 100 nm
and 10mJ/m* < W < 100mJ/m? includes the range of W typically
encountered in studies of polymer adhesion [44]. This analysis shows
that Tereep > 1007craci for all materials with E <100 MPa, ie., the
time scales are very different with 7., being significantly longer.



09:59 22 January 2011

Downl oaded At:

NANOMETER-SCALE CONTACTS 221

o
I 0.1 4
L 1
5 ]
[
~
<
[»)
[+
=
(¥
ko
0.01 4 —
1003000 1E7

l

0001 4

FIGURE 12 Teuek/Tereep ¥S. E 7.

Since Terack and Tereep are very different, it should be possible to
study them separately. To do this, the SFM instrument must be able
to satisfy two conditions. First, the characteristic relaxation time, 7,
of the material under study must lie within the accessible range of
experimental contact times, Z.one- Second, the experimental param-
eters must be adjusted so that either T,k OF Tereep IS close to the
characteristic relaxation time, 7 of the sample under study. Using
the approximations described above, the following expressions are
obtained for hounding values of Terae and Tereep

Tcreep > apull-off/<v> = \J/ 97TWR(2)/8<V>1EZ (29)

Terack < (1/V = WE:h2/4VW. (30)

o

and

Note that T,k is independent of probe radius but 7reep RY?. The

bands of limiting values of Eqs. (29) and (30) that are shown in Figure 13
as a function of E! were calculated for (V)=100nm/s and 10mJ/
m?® < W < 100mJ/m?, and 10nm < R, < 100nm. For this range of
parameters, the entire creep regime always lies above the band labeled
“creep”” and the crack regime lics below the band labeled ‘“‘crack”.
Equivalent results for other choices of (V) are obtained by simply
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FIGURE 13 Creep and crack regimes accessible in SFM experiments for (V)=
100 nm;/s.

shifting both bands vertically by (100/(}")) where (V) is measured in
nm/s. For the example of Figure 13, creep effects are seen to dominate
the SFM response for polymers with effective moduli below about
100 MPa and relaxation times in the range 0.1s < 7 < 10s. Obviously,
leomact Must lie in the same range as 7, which is the range used for
the majority of force-distance curves reported in the literature. In ord-
er to bring the crack regime into this experimental range, V" would
have to be reduced by 3 to 4 orders of magnitude. SFM experiments
have been done in this range by Basire and Fretigny [24] who meas-
ured the engulfment of an SFM probe into a styrene-butadiene ran-
dom copolymer under zero load conditions. In this case, the increase
in contact area is driven solely by surface forces and opposed by
deformation of the substrate.

Tapping or intermittent contact mode [45] measurements involve
very short contact times (fconact < 107%s or less) with very high
(V) =z 10um/s. Again, creep effects will tend to dominate the
measured response if the viscoelastic material also has 7~ t.onact-
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In general, the creep regime is expected to dominate SFM meas-
urements on compliant materials with E; < 100 MPa. For materials
with higher moduli. the creep and crack regimes lie closer together
and experiments are likely to be influenced by both. The require-
ment for low V" and short f.q,.c makes it difficult for SFM to operate
in the crack regime for most compliant materials. Unfortunately,
this is the regime with the most complete theoretical model [11].

The discussion given above is presented in terms of average speeds,
(V). V cannot be controlled in actual SFM instruments and it varies
over a very wide range. Thus, in a real contact, the behavior will not
be as simple as indicated by the arguments given above. This is illus-
trated in Figure 9b for the standard model where the instantaneous
value of Teeep(?) = a(r)/(da/dr) is plotted for the a(r) results shown in
Figure 9a. The relaxation times, 7, and 7,, for the mechanical mod-
el are indicated by the solid lines. T ..ep(?) changes by over five or-
ders of magnitude. It is very short during the initial stage of contact
formation and in the final stages of pull-off so that the assumption
a>1 may no longer be valid. At the point of maximum contact
area. Tereep(t) exceeds 1000s. Its average value ranges between 5s and
33$ aS leomaer iNcreases from 0.27; to 207,. Even for the examples
with the largest time lag to reach ¢max. Tereep(?) 18 near 7 and 7, for
a relatively small fraction of the total contact time.

6. SUMMARY

The theory developed by Ting [18, 19] has been applied to describe
the contributions of creep to the response of nanometer-scale contacts
during loading and unloading. This theory neglects the effects of
adhesion but can be solved analytically for several simple models.
None the less, it gives valuable insights into the behavior of small
contacts. The major result is that creep can cause the contact area, a,
and deformation, 8, to reach their maximum values well after the
maximum load has been applied to the contact. Results obtained using
simple mechanical models to describe the response of the viscoelastic
materials provide useful guidance on how to optimize experiments to
study creep. The maximum deformation at the instant the contact is
broken is large and correlates well with the time dependence of the
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loss function, tané. A typical SFM instrument should be able to study
creep processes in materials whose characteristic relaxation times are
in the range from roughly a millisecond up to a few hundred seconds.

Since the characteristic relaxation times of creep and crack regimes
differ substantially for SFM experiments, the contact times of force-
distance curves can be adjusted so that the response is by dominated
one or the other.

Quantitative characterization of compliant viscoelastic materials
requires that force vs. distance curves be carried out over as wide a
range of contact times as possible. This observation should be parti-
cularly relevant for many biological materials where experimental con-
tact times have been limited. Additionally, it suggests that studies
of pull-off behavior that have traditionally relied on rather short
contact times will need to be re-evaluated.

Most of the models described here are obviously too simple to be
used for quantitative analysis of experimental data. However, most
important differences are expected to be qualitative and the major
conclusions reached using them will remain correct. The more rigor-
ous analysis recently put forth by Hui, Baney and Kramer [38] cor-
rectly includes adhesion and creep, but only applies to cases where
the contact size is increasing. It has not yet been applied to nanometer-
size contacts. Once such an analysis becomes available, more com-
plex systems such as layered films and living cells can be attacked
quantitatively.
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