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Abstract: 
 

 The influence of rheological and surface properties on adhesive 

tackiness are studied. In particular, the importance of the elongational 

properties is emphasized in a model, which considers only the adhesive 

contribution, while neglecting the importance of cavitation and surface 

roughness. It is shown that this simple analysis allows one to recover the 

different types of curves (i.e. different adhesive materials) obtained in the 

literature on tack. Elastic, strain hardening and viscous adhesive materials 

are considered. The question of the importance of surface properties is 

raised and discussed. 
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1. Introduction 

 

 Testing adhesive materials is not an easy task and requires very careful 

experiments with adequate surface properties (type, roughness) and surface treatments 

(chemical, plasma, etc.) as well as optimally designed mechanical equipments. In 

addition, the industrial adhesive material is sometimes not so well defined : various 

chemical components are used, and their migration is possible, thus changing the 

interfacial properties. Tack is one of the widely used tests [1-3], which provides good 

data. Usually, the contact time is quite fast (a few seconds), which is interesting since 

this limits diffusion, as well as surface pollution. On the other hand, wetting is limited, 

because it is a long process for such materials (high viscosities or moduli). As a 

consequence, air (or water) may be present in the surface holes and will lead to 

cavitation [1-2], as the probe moves away. Cavitation is important, for it can sometimes 

control the adhesive deformations: small cavities at the interface appear and grow until 

they eventually meet, while fibrils are elongated in between. Two kinds of hole sizes 

may be present [4] due to roughness of both adhesive and probe. The differences in 

roughness peaks can create significant cavities and seem to affect adhesion also [5], as 

well as viscoelastic effects [6]. At present, no experiments on a perfectly flat surface 

treated properly, using a perfect probe have yet been reported, because of the 

difficulties inherent to such systems. This constitutes a real challenge. 

Deformations involved during tack are not obvious to understand. During the 

first instants, shear is dominant, as well as cavitation. Then elongation is important 

because of the formation of fibrils at large times [1]. This complicates the problem 

further. 

 The engineering stress is usually reported as a function of the engineering strain 

in such experiments, which is convenient. Such plots show different regimes, which can 

be obtained by varying either the temperature, the contact time, the velocity of the 

probe, or the cross-linking density [1]. Such plots have not been explored completely, 

and it is the purpose of this work to try to present a simplified model taking into account 
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the importance of the rheological properties, through the use of various possible 

adhesives (Newtonian, viscoelastic, elastic) to explain these features. The starting idea 

is therefore one already proposed by the authors, when studying peeling tests, related to 

the fact that the elongation properties of the adhesive are important [7-9]. But it has also 

been foreseen in the famous picture from Kaelble's paper [10]. He actually describes a 

simple peeling experiment where fibrils born from cavities are elongated, when moving 

towards the peeling front. Such correspondence between tack and peel is not a 

coincidence: it reveals that the mechanisms present in both experiments are strongly 

correlated, as mentioned before [11]. Based on these observations, we will construct a 

model that contains the basic assumption, i.e. the elongation of the adhesive material. 

In the first part (§2) of this work, tack will be described, followed by the 

analysis of the type of deformation that the adhesive undergoes. Then the adhesive 

material will be presented in the next section (§3), with a simple heuristic model 

accounting for most adhesive behaviors. In the next section (§4), the force-deformation 

curve will be obtained. This will be followed by presentation of such data (§5), using a 

rheological model. Finally, results will be discussed in the last part (§6). 

 

2. Description of tack 
 

  2.1 Experiment 

 Tack has been studied experimentally quite intensively [1-3,12-13] and is a 

simple test where a cylindrical probe is brought into contact with a thin film of adhesive 

(thickness e, typically 50-300 µm) for a short time (a few seconds generally). Then the 

probe is pulled away at constant velocity V (Figure 1). V usually ranges between 0.001 

µm/s and 100 µm/s. Although tack is a rather simple test, it is important to list here the 

different parameters, which may play a role in such an experiment: 

 - adhesive rheometrical or mechanical properties, degree of cross-linking 

- adhesive thickness (e) and cross-section (A0) 

 - adhesive radius size compared to probe size. 

 - velocity of the probe (V) and force F(t) 
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 - contact time (tc) and application pressure (P) 

 - temperature (T) and relative humidity (RH) 

 - surface treatment, surface roughness (substrate and probe) 

 

V

a) b) c)

 

 

Figure 1. Sketch of a tack experiment (no edges) 
a) approach b) contact c) separation at constant velocity V 

 

 These parameters should all be taken into account and are lacking in relevant 

papers. In particular, changing the dimensions of the adhesive can change the boundary 

conditions - and therefore the solution - of the corresponding problem. As mentioned 

before, the engineering stress σe(t) = F(t)/A0 is commonly used to represent the 

tackiness of the material. Instead of representing it as a function of time, one can define 

the engineering strain εe=Vt/e, where t is time, and V and e have been defined 

previously. 

 Curves showing force vs. time can be found in the literature [1-3] and are 

summarized in Figure 2. When pulling on a viscous adhesive (2a), the force goes up 

almost instantaneously then decreases slowly to zero, while a long filament is formed. 

For a viscoelastic material (2b), the stress increases sharply, goes through a maximum, 

and decreases again, then possibly shows a plateau before dropping to zero. Fibrillation 

initiates after the peak load and the deformation of the fibrils occurs in the plateau 

region [1-2]. The plateau may sometimes be followed by a slight increase in force, this 

being attributed to strain hardening within the fibrils. On the other hand, for an elastic 
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adhesive (2c), the stress increases sharply until the adhesive fails rapidly. Lowering the 

temperature, increasing the velocity, increasing the contact time, or again increasing the 

cross-linking density of the polymer [1] all correspond to going from (a) to (b), then (c). 

In fact, this is not surprising when one recalls the time-temperature superposition 

principle, which accounts for such correlations. 

 

 

 

Figure 2.  Different types of tack curves  (a) Newtonian (b) viscoelastic 
(c) elastic 

 

 Another problem is to understand whether rupture is at the interface (adhesive) 

or within the material (cohesive). Usually, for most Newtonian adhesives, failure is 

within the sample, after a long filament has been formed. For an elastic adhesive, failure 

is frequently located at the substrate-adhesive interface. This has been shown for 

example in the case of polymer melts [12]. In the intermediate cases (so-called 

viscoelastic systems), it is not so clear whether failure is in the bulk or at the interface. 

A nice answer to this question has been provided [13], providing a classification into 

different modes of failure: edge crack propagation, internal crack propagation, 

cavitation and bulk fingering. Since cavitation may occur, it is very helpful to observe 

this process from a side view and also from below [2], in order to understand how 

cavities grow [14] and how they affect the adhesive deformations. Such observations 

may also allow to see where crack propagation occurs, either at the adhesive-substrate 

or adhesive-probe interfaces. In such cases, local peeling is possible. On the other hand, 

the material may fail cohesively. A failure criterion can be introduced [15] through a 
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dimensionless number Λ , which represents the effects of the elongation stresses 

compared to the ones due to surface energies. If Λ is greater than 1 (respectively 

Λ smaller than 1), then interfacial failure occurs (respectively bulk failure happens). 

This criterion has unfortunately not been used further, although it could help to 

understand principles such as the energy separation criterion [16] and its range of 

application. 

 Understanding the shapes of the curves in Figure 2 is not so simple, due to the 

different mechanisms encountered: cavitation, fibrillation, etc. Actually no model 

exists, which accounts for the overall shape of such plots. Cavitation has been studied 

experimentally [2] and theoretically [4,17], but apparently no model is yet available due 

the complexity of the cavitation process, except in the particular case of the elastic 

adhesive [4]. Another limiting parameter is surface roughness [5], which interplays with 

viscoelasticity [6], and renders modeling more difficult. It is now clear that shear and 

cavitation are present at the beginning of the test, whereas fibrillation is important at the 

end [1-2]. This is what is considered next. 

 

  2.2 Shear vs. elongation : the Newtonian case 
 

 Let us start with a general picture of a probe pulling a Newtonian adhesive. This 

ideal case will be helpful to proceed further. In this case, the problem can be dealt with 

using general conservation laws. Figures 3a-b show a representation of the deformed 

adhesive, at the beginning when shear starts towards the edge (Figure 3a), and later on 

(Figure 3b) as elongation becomes important. Figure 3b correspond to a Newtonian 

adhesive and the case of a viscoelastic one is more likely to be portrayed as in Figure 

1c. Understanding the different processes (shear or elongation or both) can be done by 

comparing two forces, the one required to create a shear flow within the adhesive 

(initial times) and the one necessary to elongate the adhesive. 

 Assuming the radius R(t) at the mid-section is almost a constant, a mass balance 

gives: 

    π R(t)2 h(t) = π R0
2 e     (1) 
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where R0 is the initial adhesive radius (usually around 10 mm), and h(t) is the actual 

adhesive length. 

 

 

Figure 3.  Shape of the adhesive (initial thickness = e). Probe is pulled 
at constant velocity V. a) Short times: shear dominates  

b) long times : elongation prevails 

 

 It is to be understood here that the ratio e/R0 is small (of the order 0.01) and that 

shear flow (starting at the edge, Figure 3a) has to take place at the first instants in order 

for the adhesive to deform, because of the large hydrostatic tension. At this point, the 

adhesive may cavitate, but this will not be taken into account because we consider a 

thoroughly degassed fluid. Let us now determine typical times corresponding to the 

cases of the shear flow and the uniaxial elongational flow . 

 In the case of a shear flow, the lubrication approximation may be used to obtain 

the simplified momentum equation: 
 

    
∂p
∂r   = η0 

∂2ur
∂z

2        (2) 
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p(r) is the pressure, η0  is the zero-shear viscosity, ur(z)  is the radial  velocity 

component, r the radial distance, and z the vertical distance. The boundary conditions 

are: ur(z=0)=0, ur(z=h)=0 and p(r=R)=0. The velocity  ur is obtained by integration 

from 0 to h by standard calculation, and its average is:  

    ur

_
  = 

- h2

12η0
   
∂p
∂r       (3) 

Now from mass conservation, we have  ur

_
  ≈ 

- r
2h  h

.
 , therefore 

       
∂p
∂r
   = 6 η0 

h
.

h3
   r     (4) 

Finally, we integrate from R(t) to r to obtain the pressure: 
 

    p(r) = 3 η0  
h
.

h3
  (r2 - 

e
h R0

2)     (5) 

where R has been eliminated using mass conservation. 

 The force Fs(t) corresponding to such a shear flow is then given by integration 

of the pressure along the surface Fs(t) =⌡⌠

0

R

   p(r) 2πr dr. This leads to: 

 

    Fs(t) = 
3η0

2
   

π R0
4

e
2    

V
e
 

1

(1+Vt/e)5
(6)  

 

This corresponds to the force required to shear the Newtonian adhesive with viscosity 

η0 when no cavitation occurs. 

In the case of pure elongation, the calculation is standard. The force Fe(t) is given by : 

    Fe(t) =  3 η0 ε
.
(t)  π R(t)2    (7) 

where ε
.
 is the time-dependent strain rate and is given once the Hencky strain ε(t) is 

known: 
 

    ε(t) = Ln ( 
e+Vt
e   )     (8) 

Therefore, the strain rate is: 

      ε
.
(t)  =  

V
e+Vt

       (9) 

 The strain rate decreases to zero as a function of time. We note that for small 

times it goes like V/e (a constant) while it varies as 1/t for large times. This point will 
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be used later. Another important feature is the correspondence between the real strain 

(Hencky) and the engineering strain, which is no longer valid at large times. Indeed the 

engineering strain Vt/e would simply predict a constant strain rate (V/e) experiment, 

which is not the case. Usually, conventional rheometrical tests use a constant strain rate, 

corresponding to an exponential stretch of the filament. Going back to the force, using 

(1), (7) and (9), we obtain: 
 

    Fe(t) =  3 η0  π R0
2  
V
e
 

1

(1+Vt/e)2
    (10)  

To determine what type of flow prevails, we need to compare Fs(t) and Fe(t) from 

equations (6) and (10): 
 

    
Fs(t)

Fe(t)
   =  

R0
2

2e2 (1+Vt/e)3
     (11) 

 We conclude that the shear force dominates at small times (since R0/e ≈100), as 

expected. Then for a typical time, the elongational regime appears i.e. when  t  >>  
e
V
  , 

so that  

       
Fs(t)

Fe(t)
   ≈   

R0
2

2e2 (Vt/e)3
  . 

 

  This term becomes of the order 1 when  t ≈  
e
V  (

R0

e  ) 
2/3

. 

 Finally three regimes are obtained: 

 a)  t  <   
e
V
     Shear dominates 

 b)  
e
V
   < t  <  

e
V
  (
R0

e
 ) 

2/3   
Mixed shear and elongation 

 c) t  >   
e
V
  (
R0

e
 ) 

2/3  
Elongation prevails 

 The last important time to add will be the characteristic time of the material, 

when the latter becomes viscoelastic, and this will be considered next. 

 

 

3. The adhesive material 
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 Considering now a real adhesive, the Newtonian case should be a limit of the 

viscoelastic material at large times, and the elastic behavior should correspond to very 

rapid solicitations. We will assume that the adhesive is characterized by one relaxation 

time λ although it is not hard to generalize our model to multiple relaxation times. 

Details of dynamic data for a usual adhesive can be found elsewhere [8] and will not be 

discussed. The elongational viscosity is important since our model will be based on the 

assumption that most of the deformations are of elongational type, except at short times. 

Usually, rheometrical measurements use constant elongation rate ε
.
 . As seen from (9), 

this is not the case anymore. Therefore, we need to exhibit a basic traction curve where 

the kinematics correspond to a tack experiment, i.e. at constant tack velocity V. This 

type of test has occasionally been carried out [18]. In Figure 4, we show the evolution 

of a typical transient elongational viscosity η+
(t) against time, in a constant velocity 

experiment (Fig 4a). Usually, the viscosity η+
(t) increases with a slope of 1 at short 

times (log-log scale), followed by a possible plateau, and then a rapid exponential 

increase corresponds to strain hardening. The characteristic time λ is also shown. Three 

typical parts can be identified: 

   η+
(t) = K0 t    0<t<λ   (12)a 

   η+
(t) = 3η0 (1 – exp(-t/λ))  λ<t< t1   (12)b 

   η+
(t) = 3 η0 exp(K(t- t1))     t>t1   (12)c 

K0 is in fact equal to 3η0/λ, as a limiting case of (12)b for short times and is a material 

parameter, whereas K and t1 may be velocity (V) dependent. Formulae (12)b-c are for 

the viscoelastic adhesive respectively at small and high stretch rates V/e. 

Then we plot the true elongation rate vs. time in logarithmic coordinates (Fig4b). As 

discussed before, it is a constant V/e at small times, then it decreases and shows a slope 

-1 at large times (1/t). The time e/V is also represented along the time axis. Then the 

evolution of the first normal stress difference σ = σzz-σrr = η
+
(t) ε
.
(t)  is shown in Figure 

4c. σzz and σrr are the principal stresses in the uniaxial test. σ is required here because 

the force transducer measures it; also σzz-σrr is commonly used in rheometrical 

measurements. This stress difference σ increases first and goes through a maximum, 
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then it decreases until strain hardening occurs and we obtain a very rapid increase 

(exponential). This exponential increase will be even more substantial as the velocity V 

increases. Finally, we plot σ as a function of the Hencky strain ε=Ln(1+Vt/e); the 

picture is similar (Fig 4d), although the data is squeezed at short times. 

 

-1

σ σ σ σ =σσσσ0 exp (εεεε0000−ε−ε−ε−ε)

1

ε1ε0

ηηηη++++((((t)=3ηηηη0 (1– exp (-t/λλλλ) )

Log t
t1

log ηηηη++++

λλλλ

1

log εεεε
.

log t
e/V

-1

log t

log σσσσ

σσσσ

(d)

(c)

(b)

(a)

σσσσ 0

ηηηη++++((((t)=3ηηηη0 exp (K(t-t1))

εεεε

σ σ σ σ =αααα exp (V/V0(ε−εε−εε−εε−ε1))
σσσσ=E εεεε

1

εεεε = V/(e+Vt)
.

 
Figure 4.  Typical plots showing (a) transient elongational viscosity 
(b) strain rate (c) transient stress difference (d) stress difference-strain 

curve 

 The case in Figure 4 represents a viscoelastic adhesive. Parts of the branches 

correspond to elastic and Newtonian behavior. They can be obtained depending on 
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λ and e/V. Indeed, when λ << e/V, a Newtonian behavior is obtained. On the contrary, 

when λ >> e/V, an elastic response is found. The intermediate case corresponding to 

λ ≈ e/V (Fig 4, for example, λ slightly higher than e/V) is the case of major interest, 

because it corresponds to the viscoelastic adhesive. 

 Equations corresponding to the different branches are also given in Figs 4a-d. 

The following stress-strain laws can represent the adhesive material: 

 * Newtonian adhesive:    ε0 ->  0    and ε1 ->  ∞ 

  σ(ε) = σ0 exp (-ε) 

 * Viscoelastic strain hardening adhesive:   (parameters  ε0  and ε1, E, V0) 

  ε < ε0  σ(ε) = E ε        (13) 

  ε0 < ε < ε1 σ(ε) = σ0 exp(ε0-ε)  (where σ0 = E ε0)    (14) 

  ε > ε1  σ(ε) = σ0 exp(ε0-ε1)  exp{V/V0 (ε-ε1)}     (15) 

 * Elastic adhesive:   (ε0 ->  ∞  and  ε1 ->  ∞) 

  σ(ε) = E ε small deformations 

 The material parameters are enough to capture all the characteristics of the 

adhesive. There are four independent parameters (strains ε0, ε1, E the elastic modulus, 

and V0, a characteristic velocity) and by adjusting them we find the limiting cases 

mentioned previously, i.e. Newtonian and elastic adhesives. These expressions are 

important because they can be easily integrated (see §6). 

 To determine such parameters for a real adhesive, we suggest to evaluate both 

the shear and elongational properties and to use a correct constitutive equation, like 

Lodge’s model, which will be presented in §5. 

 The following analysis will be based on this model, and an attempt to recover 

the three typical curves in a tack experiment will be made. The analysis can be done in 

terms of time t or Hencky strain ε. 
 

 

 

4. Model 



- 13 - 

 The main idea is to look at the importance of the elongational regime for 

describing tack. Therefore, we limit the study to the following assumptions: 

 - homogeneous elongational deformation 

 - constant velocity 

 - perfectly flat surfaces (no roughness) 

 - perfect preparation : no pollution, no air entrapped 

 - cavitation effects neglected 

 - force additivity in fibrils 

 The last point needs to be explained in detail. We assume that at a given time t, 

the force is σ(t) in a filament and the global force is F(t). By force additivity, we mean 

that if the fibril is split into two different ones (or more) due to cavitation, the stress σ(t) 

remains unchanged in each fibril and the force is the sum σ(t) A(t)/2 + σ(t) A(t)/2 = σ(t) 

A(t). In other words the force is unchanged. As a consequence, the surface area to be 

considered is the total cross-section of all the filaments. The latter one is found using 

mass conservation: 

    A(t) (e+Vt)  = A0 e     (16) 

 Finally the force to elongate the adhesive, or the set of fibrils, will simply be 

given by: 

    F(t) =  σ(t) A(t) =  σ(t) A0  
 e

e+Vt    (17) 

 Using the Hencky strain instead, the force can also be given by : 

    F(ε) = σ(ε) A0 exp(- ε)    (18) 
 

where σ(ε) is given by Eqs (13)-(14)-(15). To complete the model, we need to add a 

final criterion for ε, say εf (velocity dependent one), but this will be discussed in the 

next section. This criterion is different in the three cases, typically a Newtonian 

adhesive fails cohesively for large εf, whereas an elastic one fails at very small εf, 

smaller than ε0. For a viscoelastic adhesive, εf may depend on V and lie between the 

values in the two previous cases. Therefore, the following forces F(ε) are obtained, 

corresponding to the Newtonian, viscoelastic strain hardening, and elastic adhesive 

(Figure 5). 
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Figure 5. Qualitative predictions of the model (a) Newtonian adhesive 
(b) viscoelastic strain hardening adhesive (V=V0) (c) elastic adhesive 

  

The Newtonian adhesive "instantaneously" reaches a level of force Fm (Fm is the 

maximum level of force in the three cases) and then the force decreases as a function of 

strain. The viscoelastic strain hardening adhesive shows a rapid (elastic) response and 

the force goes through a maximum then decreases until it reaches a plateau for the case 

V=V0. This case is considered because issues have been raised regarding the existence 

of a so-called plateau [4]. Our model definitely shows that this plateau is due to the 

strain-hardening effect and can be explained only when considering the proper 

constitutive equation. In the other cases (V≠V0), F can still either decrease (V<V0), or 

increase slightly again (V > V0) after the plateau. These behaviors have also been 

observed in various works from the literature [1-2]. Finally, the elastic adhesive shows 

an increasing force until it is released from the substrate or probe : crack propagation 

occurs in such a case [13]. 

 The maximum levels of forces in the three cases are respectively (a) Fm = σ0A0 

Fm = E ε0 A0 exp(-ε0) (c) Fm = A0 E εf  exp(-εf) .They are proportional to the modulus 

E, in agreement with data from Lakrout et al. [2]. It is not surprising to find this result 

because the instantaneous response of the adhesive (at small times) is related to the 

elastic modulus E. 
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 We conclude that our model retains all the basic features found in the literature, 

and therefore is a good candidate for predicting tack, especially when elongational 

mechanisms exist. 

 

5. Use of a rheological model 

 
 In order to compare this model with actual tack force data [1,2,13,19], we 

consider Lodge’s model, which is well adapted for predicting stresses in viscoelastic 

materials, in particular when large deformations are involved (i.e. elongation tests). This 

model has also been shown to predict shear and elongational data quite well for 

polymeric adhesives [7-8], in particular it can predict strain hardening, which is not the 

case for all rheological models. Another study can be found [20] where it is shown that 

the Giesekus model is also a good candidate to predict peel forces, especially because it 

predicts the transient elongational properties very well in their study. Again, the 

presence of elongation is clearly emphasized when looking at debonding. Nevertheless, 

no rheological model has been tested yet in order to predict tack. The constitutive 

equation for Lodge’s model is given by the stress-strain integral function: 

   ΣΣΣΣ(t) = du )
1

t uutg
t

(C)(
−

∞−
∫ −      (19) 

where ΣΣΣΣ(t), Ct
-1
(t) are respectively the Cauchy stress tensor and the inverse of the right 

Cauchy-Green strain tensor, g(t) is the relaxation function, and will be simply taken as 

g(t) = G exp(-t/λ)    (20) 

G is a characteristic modulus and λ is the relaxation time. In fact, this single mode 

relaxation function corresponds to the upper convected Maxwell (UCM) model. Other 

computations using Wagner or Papanastasiou models [21] have been carried out and 

show similar trends; they will not be presented here. 
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Following the analysis in §4, the engineering stress σe(t)=F(t)/A0 can be 

computed using numerical integration with various parameters. The following formula 

gives the engineering stress, as predicted by (17), in the case of the UCM model, in a 

constant velocity experiment: 












∫









+

+
−

+

+
+









+
−

+

+
=

t

0

du )
Vte

Vue
(2)

Vue

Vte
(

u)/λ-(t -
eG )

Vte

e
(2)

e

Vte
(t/λ-Ge

Vte

e
 (t)

e
σ

         (21) 

The values used here are G = 1 MPa, λ = 100s, and the adhesive thickness is 

e=100µm, which are common values taken from other studies [1,2,13,19]. The velocity 

V is chosen from 0.001 µm/s to 100 µm/s, which gives an overall picture. The 

engineering stress is shown versus time (Figure 6), at different tack velocities, in order 

to make comparisons with other works. At high velocities (above 0.5 µm/s), the 

engineering stress increases very fast and then drops down quite rapidly, in agreement 

with our model. At intermediate velocities (0.01 to 0.1 µm/s), the stress increases, 

reaches a maximum, and then slowly drops down and reaches a plateau, as predicted 

also. At small velocities, stresses are found to be much smaller, showing reduced 

tackiness. A typical velocity V0 may be V0= 0.05 µm/s, as defined in §3, E the elastic 

modulus (=3G) is of the order of a few MPa. ε0 and ε1, deduced from the stress or force 

curve, are respectively of the order 1.5 and 3, in the intermediate velocity range. 

Finally the data shown is quite relevant to similar curves for real adhesives [1,2,13,19], 

in particular the important case of the viscoelastic adhesive, i.e. the intermediate 

velocity range (0.01 to 0.05 µm/s). Here a maximum stress is found to be in the range  

(0.1 MPa-1 MPa) in agreement with previous data. Concerning the stress hardening 

effect predicted in the model when V>V0, it is attributed to the actual deformation of 

the filaments which actually undergoes higher elongation rates, due to filament necking. 

These rates need to be corrected with an effective elongation rate which can be in fact 
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sometimes six times higher [22] in constant elongational rate experiments; such rates 

have also been found to be higher in constant force experiments [23]. In the case 

considered here (constant velocity), it is also very likely that the real elongational rate 

within filaments is higher, which should give rise to a force increase [24-25] in the final 

 part of the curves in Figure 6. 

 

Figure 6. Quantitative predictions using an upper convected Maxwell 

model: engineering stress vs. time. G=1 MPa, λ=100s, V ranging from 

0.001 µm/s to 100 µm/s 
 

Data concerning a more complete relaxational spectrum can be easily included in this 

model (Lodge), but this is not attempted here, since no comparison can be actually 

given because of the lack of simultaneous measurements of elongation, shear and tack 

data.  Relaxational spectra are important and correspond to the physicochemical 

properties of the polymeric system (molecular weight Mw, glassy temperature Tg, 
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plateau modulus GN
0
, etc.), so this model may therefore be a good candidate for testing 

other experimental results more accurately [1].  

6. Discussion 

 
 Energy 

 The energy dissipated in the adhesive is needed to predict the optimal adhesive. 

One clearly sees that an adhesive in case (b) will give rise to a larger energy.  Let us 

compute Et, the energy per unit volume, which is the area under the σ-ε curve : 

    Et = ⌡⌠
0

εf

 σ(ε)dε       (22) 

A simple calculation can show that: 
 

      Et  =  
1
2
  E ε02 + σ0(1-exp (ε0-ε1))+σ0 exp(ε0- ε1)V0/V{exp[V/V0(εf-ε1)]-1} (23) 

 This formula contains three terms, one associated with the elastic deformation, 

the second with the Newtonian response and the last one has the strain hardening effect. 

When trying to maximize this form, we come up with the final optimal parameters: 

 1.     maximum E and ε0 

 2.     minimum ε1-ε0 

 3.     maximum εf-ε1 
 4.     minimum V0 

 Another way to look at this result is to understand it in terms of the area under 

the curve in Figure 4d. The height of the curve needs to be maximum so E and ε0 need 

to be maximized. Then if ε1-ε0 is too large, the stress goes to zero too fast so ε1-ε0 

needs to be minimized. Finally, the more strain hardening we have the larger the area, 

so V0 needs to be small. Indeed the exponential term in (23) will become quite large 

and will increase tackiness drastically. εf-ε1 needs to be large, of course, because of the 

increased resistance to motion through stretching. These conditions define a good sticky 

adhesive. 

 Nevertheless, we may put a limit to the first condition, because the Dahlquist 

criterion [26] postulates that E (or G’(1 Hz), when the glassy temperature Tg is 

adjusted) should not be too large. Of course one knows that a very high modulus E 
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means elastic behavior and reduces tackiness because of the absence of good wetting 

properties. In fact wetting is not included in our model; therefore it is not surprising to 

have this discrepancy. The combination of both rheological and surface properties is 

indeed required, and will appear in the final strain.  
 

 Final strain εεεεf 

 The final strain εf can be understood in different ways, according to whether 

failure is cohesive or adhesive:  

- Cohesive failure: the adhesive breaks in the bulk and common criteria have been 

found for εf, which is the failure strain. Although the data from Connelly [27] seems to 

show that εf is almost a constant, it seems that the criterion for the Hencky strain at 

failure is velocity dependent as shown theoretically [28]. In fact, for such materials, 

which are rather rubbery, the Considère criterion can be used, as mentioned by 

McKinley and Hassager [29]. Thus the maximum Hencky strain at failure is strongly 

dependent on the velocity V, but may show a constant regime at rapid stretching rates. 

This regime depends on the degree of branching, but to our knowledge no such tack 

experiments are yet reported which can account for these features. In any case, one 

should note [29] that increasing the velocity should lead to a higher εf, whereas above a 

certain velocity, εf  decreases again to a constant level. 

- Adhesive failure: in this case, it can be proposed that εf contains the adhesion energy, 

because filaments may peel off from the substrate (or probe) and they will only do so if 

the stored energy in the filament is high enough to overcome the adhesion energy. A 

theory has been proposed previously [15], which holds for an adhesive with an 

elongational viscosity. A dimensionless number Λ (defined in §2.1), representing the 

effect of this viscosity as compared to the Dupré adhesion energy was used to decide 

whether failure is possible at the substrate-adhesive interface. This could possibly help 

for the determination of the final strain εf to be used in (22). Another relevant theory, 

the so-called « trumpet » regime, for weakly cross-linked adhesives [30] could also be 

used to predict the final strain εf, depending on the velocity V. 
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 In most situations where fibrils are present, a single strain εf is difficult to accept 

because each fibril is usually different and fibrils are fed non uniformly at their edges 

by the remaining adhesive. Therefore, one may use a failure strain distribution 

(gaussian for example). It is not the purpose of this work to go into details here, but it 

can be guessed that the global force will fall to zero slowly, rather than instantaneously, 

like in Figures 5b-c. This is what is usually observed in the literature. 

 The elastic adhesive case is an interesting one, because εf is very small, this is 

due to the fact that the adhesive remains in one part (no fibrils) and that the high levels 

of shear contributes to its failure. It is common to develop a crack at the edges [13], 

running to the middle, in such a way that the force really drops down rather fast, as 

observed experimentally. 

 In the Newtonian case, the deformations can be quite large; the filament cross-

section can be very small, and the force decreases to zero. No fibrillation is obtained, 

and usually a long thin filament can be observed - as the force level goes to zero - until 

it breaks in the middle due to necking [22]. 

 
 Validity of the model – Improvements 

 

 As mentioned previously, this model is based on a series of hypotheses, which 

are listed in §4. These hypotheses are quite reasonable, as far as one is only interested in 

the force component due to local stretch. Recently, it was shown that stretching does 

not affect adhesion at a microscopic scale, but that it changes adhesion at a macroscopic 

scale [31]. In this study, the early aspects of the tack process (i.e. shear motion) have 

been omitted, but as explained at the end of §2, may also be accounted for, by 

considering the shearing flow on a non-newtonian adhesive. 

Cavitation effects can of course also be present, due to the high tensions, and to 

the presence of microvoids present at the wall [2,4], or to surface roughness [5]. They 

can play a role, but not so important because it is always harder to deform a rubber than 

an air cavity. Nevertheless it is reasonable to mention that cavities, when present, 
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change the adhesive free surface, and therefore affect the deformations within this 

adhesive. Therefore, accurate measurements of the true contact area are needed [2,32]. 

In the end, the high stresses within the adhesive or rubber lead to high regimes of 

forces, as observed similarly in peeling experiments [7-10]. In this sense, we believe 

that this model is realistic. 

 One other real point of concern is the importance of the surface properties (in 

particular the Dupré work of adhesion) which are commonly neglected in tack 

experiments. The influence of the surface energy is far from being understood. Surface 

energy is difficult to measure, and there is a lack of such data particularly with tack 

experiments. It is essential to bring it into play, as seen above, because it really controls 

the peeling of the fibrils, especially at the end of the tack experiment. This is in fact 

similar to Saint-Venant’s problem [33], where the base fixation is ignored, until it 

breaks, in other words when one reaches εf. The careful experimentalist needs to take 

all these factors into account, in order to improve the knowledge of tack. 

 

7. Conclusion 

 

 This work deals with tack while trying to bring a new insight, based on the 

influence of the elongational properties of commonly used adhesives. A model has been 

proposed, which predicts the usual features of the nonlinear tack force found 

experimentally in the literature. Limiting cases of elastic and Newtonian adhesives have 

also been considered. 

 The main result concerns the maximum tackiness and provides the shape of an 

ideal adhesive stress-strain curve, which can be obtained rather easily on an 

elongational rheometer. The ideal adhesive must undergo strain hardening, while other 

parameters of the model need to be adjusted. 

 Finally, it is concluded that an optimal model should account for surface 

energies, roughness, cavitation, as well as the proper rheological properties. 
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