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Stress Relaxation During Bond Formation and Adhesion
of Pressure-Sensitive Adhesives

Mikhail B. Novikov, Boris E. Gdalin, Julia V. Anosova,
and Mikhail M. Feldstein
A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of
Sciences, Moscow, Russia

Relaxation properties and adhesion of pressure-sensitive adhesives (PSAs) have
been studied with the Probe Tack method under the conditions corresponding to
the adhesive bond formation. Typical representatives of various PSA classes are
examined: adhesives based on the styrene-isoprene-styrene (SIS) block copolymer,
polyisobutylene of two molecular weights, acrylic and silicone PSAs. By compari-
son of the adhesive and relaxation behaviors of different PSAs it has been
established that the PSA relaxation contributes appreciably to the strength of
the adhesive bond and underlies the impact of contact time on adhesion. Direct
correlation has been established between the compressive stress relaxation in the
course of bond formation and the mechanism of debonding. All the examined PSAs
can be classified into two groups: 1) the fluid-like PSAs that are capable of relaxing
fully under compression (PIB, silicone adhesives) and 2) the PSAs, which reveal a
residual unrelaxed stress. Physically crosslinked SIS and chemically crosslinked
acrylic adhesives exemplify the PSAs of the second group. The occurrence of two
peaks on the debonding stress–strain curves is typical of the PSAs of the second
group. High adhesive strength requires the contribution of the longer relaxation
times that vary for different PSAs in the range from 150 to 800 s. Minimum values
of the longer relaxation times are featured for fluid adhesives, whereas the
maximum values are found for crosslinked, network, and entangled adhesives.
The adhesive strength achieves its maximum when the slow relaxation processes
become dominating. Relative contributions of viscous and elastic deformations to
relaxation properties of PSAs are assessed in terms of the Deborah number.
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INTRODUCTION

Adhesive and mechanical (rheological) properties of viscoelastic
polymer materials are time dependent [1]. These properties come into
play when the material is subjected to flow under a compressive force
[2] in the course of adhesive bond formation, or deformed under a
detaching force. Both these stages require an input of energy. Under
an applied force, a part of the energy imparted is irrecoverably dissi-
pated through a mechanism of viscous flow, while another part is
stored and can be released elastically upon the removal of the bonding
or detaching force [3–5]. The dissipation never takes place instan-
taneously [6]. As a result, the response of an adhesive material lags
behind the application of a stress. For this reason, adhesive properties
are time dependent and this dependence cannot be ignored when deal-
ing with such materials. Although the mechanical properties of the
pressure sensitive adhesives (PSAs) are the subject of extensive study
and reviewed in relevant books [7,8], nevertheless, the significance of
relaxation properties for pressure sensitive adhesion still is not
adequately understood [9].

While, in principle, all mechanical and adhesion properties are time
dependent, they can, nevertheless, often be treated as if they had a
purely elastic or purely viscous nature. Whether they can, or cannot,
depends on the characteristic ratio of times, called the Deborah
number nD:

nD ¼
smat

sexp
; ð1Þ

which is the ratio of the time scale of the material rearrangements,
smat, to the time scale of experimental observation, sexp [10]. When
the Deborah number approaches zero, the material may appear to
the observer as purely viscous; when it approaches infinity, as purely
solid (elastic). Real materials fall in between and are viscoelastic. In
particular, polymeric materials have Deborah numbers around unity
and are the viscoelastic materials par excellence.

Time-dependent mechanical properties are traditionally character-
ized in terms of so-called response times, in fact, almost always by a
distribution of such times [1]. If the material is strained to a fixed
value which is then held constant, the stress relaxes and the response
times are called relaxation times. Each response time is associated
with a corresponding spectral strength that may be a modulus, Gi,
or a compliance, Ji. The time dependence of a material is, thus,
revealed in a finite, discrete set of response times and their associated
spectral strengths. When a shear strain is fixed and a stress relaxation
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occurs, this set is fGi; sig [3,11]:

Gt ¼ Geq þ
Xi¼n

i¼1

Gi expð�t=siÞ; ð2Þ

where Geq is the equilibrium relaxation modulus, s is the relaxation
time, (s), and Gi is the relaxation modulus associated with s.

Most well known examples of time dependence in pressure sensitive
adhesion are the effects of contact bonding time [12–15] and debonding
velocity [16,17] on the strength of adhesive joints. For adhesive joints
between PSAs and polymer substrates, the former effect may some-
times be explained by the molecular diffusion of the PSA into the
substrate [18,19]. However, as has been recently shown [20,21], both
the diffusion coefficient of the PSA material, D, and s contribute to
the work of viscoelastic deformation of the adhesive film and failure
of the adhesive bond, that control the 180� peel force by the following
equation:

P ¼ b � l � a �D � s
3kT

� r2
b; ð3Þ

where b and l are the width and the thickness of the adhesive layer, a
represents the size of PSA polymer chain segment, rb is the ultimate
tensile stress of the adhesive film under uniaxial drawing, k is the
Boltzmann constant, and T is temperature. Equation (3) has been
derived from the analysis of the correlation between peel adhesion
and the work of viscoelastic deformation and break of adhesive films,
under their uniaxial extension in a tensile test, without resorting
to the so-called diffusion theory of the adhesion [20,21]. A range of
crude approximations has been made in the derivation of this
equation, including ignoring the spectrum of relaxation times. For this
reason, Eq. (3) is inappropriate for quantitative calculations of peel
force, but it is qualitatively illustrative and predicts the significance
of the molecular mobility and cohesive strength of a polymer material
(expressed in terms of rb) in adhesion.

In the following discussion we focus on the contribution of the relax-
ation process in adhesion. According to Eq. (3), for proper adhesion
a high D should be coupled with a long s. Both these factors are
measures of molecular mobility; nevertheless, they vary in opposite
directions under the transition from glasses to liquids. The D
increases, while s declines with the rise of molecular mobility. To make
their product and, consequently, peel adhesion large enough, the D
and s values must fall in a specified range of magnitude. Our research
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described in this paper is intended to elicit the values of relaxation
times which provide high adhesion.

Adhesion is traditionally defined as the phenomenon in which sur-
faces of contacting materials are held together by interfacial forces
[22]. In this way, this definition relates only to adhesive bond forma-
tion. In fact, pressure sensitive adhesion represents the response of
an adhesive material to applied mechanical stress, which is a pressure
during bonding and extension in the course of debonding. More
recently, the phenomenon of adhesion was revised by treating the
adhesion as a three-stage continuous process that involves adhesive
bonding as a first stage, followed by the stages of material relaxation
upon the withdrawal of bonding pressure and adhesive joint failure
under a detaching force [20,21]. Adhesive polymer relaxation accom-
panies all three stages of the process of adhesion. Taking into account
dramatic distinctions between the deformation mechanisms of the
PSA polymers in the course of adhesive bonding and debonding, we
believe that the relaxation properties of adhesives can also be different
in various stages of the process of pressure sensitive adhesion. In our
recent paper [23], we considered the retardation times of PSAs upon
the removal of compressive force in the final stage of adhesive bond
formation. The relaxation properties under compressive bonding force
represent the focus of our present paper, while the relaxation in the
course of debonding will be a subject of a following publication.

MATERIALS AND METHODS

Five kinds of commercial PSAs were used as received: silicone
adhesive BIO-PSA1 7-4302 (Dow Corning Corporation, Midland, MI,
USA), acrylic adhesive Gelva1 Multipolymer emulsions 737 and 3011
(Cytec Surface Specialties Inc., Smyrna, GA, USA), Styrene-Isoprene-
Styrene (SIS)-based adhesive DURO-TAK1 34-4230 (National Starch
& Chemical company, Bridgewater, NJ, USA) and two kinds of poly-
isobutylene (PIB) of different molecular weights—Oppanol B12
Mw ¼ 51,000 g=mol and Oppanol B15 Mw ¼ 88,000 g=mol (BASF
Company, Ludwigshafen, Germany). The adhesive films, except
DURO-TAK 34-4230 hot melt adhesive, were prepared by casting solu-
tions of the PSA onto a glass slide previously cleaned with ethyl alco-
hol. The films of required thickness were prepared by drying at room
temperature until constant weight was achieved. As a rule, the thick-
ness of the films was 0.5–0.6 mm unless otherwise specified. The
adhesive films of thermoplastic SIS elastomer DURO-TAK 34-4230
(0.5 mm in thickness) were prepared by pressing the polymer between
two sheets of the release liner in a mold formed by two parallel, flat

Stress Relaxation During Bonding and Adhesion of PSAs 167

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
9
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



stainless plates at 70�C for 20 min, followed by cooling the samples in
the mold to ambient temperature and relaxation for 24 h.

To evaluate the adhesive and relaxation properties of the adhesives
we performed the Probe Tack test using TAXT2 (texture analyzer)
(Stable Micro Systems, Godalming, Surrey, UK). The Probe Tack
test is intended to mimic and evaluate quantitatively the touching
of the adhesive film’s surface and sensing the force required to break
the bond [24]. The Probe Tack experiment allows the performing
of the tests under two different conditions. First, when the com-
pression force remains constant during contact time (Fig. 1A), and
second when the deformation of the adhesive layer is kept constant

FIGURE 1 Nominal stress vs. time (displacement) curves of a typical probe
test. A: The compressive stress remains constant during the contact time. B:
The strain of the adhesive layer is kept constant during the contact time
and the adhesive is allowed to relax in the course of bond formation.
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during the contact time and the material is able to relax in the course
of bond formation (Fig. 1B).

If the compressive stress remains constant during the contact time
(Fig. 1A), the stage of relaxation is missed. The sample comes into
contact with a flat cylindrical probe of the tester (4 mm in diameter),
approaches the adhesive layer at a constant velocity (0.2 mm=s), and
continues to move with a velocity of 0.1 mm=s until the predeter-
mined contact force (1,000 g) is attained. Then the motor maintains
a constant contact force during the specified bond formation time.
Under the constant value of compressive stress, r continuously
decreases for fluid PSAs. For physically or chemically crosslinked
PSAs possessing yield stress, under the tester probe may never
achieve a zero value. In this case, a steady-state limiting value of r
under the probe depends on the ratio between an applied compressive
stress and yield stress. At the end of the contact time, the probe is
separated from the adhesive with a constant velocity (0.1 mm=s)
and a tensile force is recorded as a function of time (displacement)
[13]. When, on the other hand, the deformation of the adhesive layer
is kept constant, the probe test can be divided into three successive
stages (Fig. 1B). The first stage is compression, when the flat cylin-
drical probe approaches the adhesive layer with a constant velocity of
0.2 mm=sec and penetrates by 0.1 mm into its depth and then stops.
The averaged thickness of tested samples was 0.5� 0.1 mm and
more, thus, the deformation of the adhesive layer never exceeds
20%. The second is the stage of relaxation, when the adhesive
material under the probe relaxes during the predetermined contact
time (we varied contact times from 1 s to 1000 s). And, finally, the
third stage is debonding, when the probe is removed with a constant
debonding rate of 0.1 mm=s.

The probe used in this test was a standard, cylindrical, polished
stainless steel probe (Stable Micro Systems). The probe was cleaned
with acetone after each test. Such a cleaning procedure was adequate
to obtain meaningful and reproducible results. Force vs. time and dis-
placement vs. time curves were, thus, directly obtained from this test.

Nominal stress (r) and strain (e) curves are obtained using the
values of the initial film thickness (ho) and the initial contact area
(A): r ¼ FðtÞ=A and e ¼ ðhðtÞ � hoÞ=ho. All the nominal values that
were obtained in the course of the Probe Tack test were recalculated
according to the compliance of a test machine, 4mm=N. This
compliance has been measured using a blank test, as has been
reported by Josse et al. [25]

For each experimental condition, we carried out three to five probe
tests. The specific stress-strain curves shown in this paper are
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representative of one of these individual tests while the mechanical
parameters such as the maximum stress, rmax, and the maximum
extension, emax, are average values. Adhesive films were tested at
room temperature (20–22�C).

The relaxation properties of the adhesives were evaluated by fitting
the relaxation curves with the sum of exponents using Eq. (2). The
best fit was obtained when we used three exponents in Eq. (2); the
application of more than three exponents did not result in improve-
ment of fitting. The found value of the regression coefficient, R2, was
always between 0.98 and 0.99. The relaxation properties for PSAs
were estimated within the range of contact time, varied from 1 to
1000 s.

An apparatus of test machine and elastic layer of adhesive sample
can be considered as two springs in series. Inertia of the test machine
can appreciably affect the measured values of the relaxation charac-
teristics of the adhesive material under study. Figure 2 shows a
compressive stress and probe displacement as a function of time for
the motor of our test machine under direct contact of movable probe
to immovable rigid supportive steel plate in the absence of any
adhesive film deposited between them. As is seen from Fig. 2A, if
the probe is put into contact with the rigid plate under a predeter-
mined pressure of 0.4 MPa, the designated value of stress is achieved
practically immediately, while the probe oscillates at first during 5–7
seconds and then begins a steady movement, achieving a limiting
value of nominal displacement of 0.13 mm in 117 s. A difference
between the nominal probe displacement and true displacement (zero)
characterizes the compliance of our instrument. If the nominal probe
displacement has been kept constant (0.1 mm, Fig. 2B), the predeter-
mined value of nominal deformation is achieved over 1.3 s, while the
stress grows continuously and is unable to relax.

The implication of the presented data for the examination of relax-
ation properties of viscoelastic adhesives under bonding pressure is
that the Probe Tack tester does not provide an accurate characteriza-
tion of comparatively fast relaxation processes, described by the relax-
ation times of 1–10 s. For this purpose, classical rheological techniques
seem to be much more appropriate. Nevertheless, a final objective of
our research is to draw a parallel between the relaxation behavior of
PSAs under bonding pressure and mechanisms of their debonding,
and with this point of view the setup of the Probe Tack test is very
illustrative and attractive. Moreover, according to Eq. (3), the longer
relaxation time is the most important factor contributing to high
adhesion strength. For this reason, we decided eventually to give
our preference to the Probe Tack setup that allows us to study both
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the relaxation and adhesion with the same sample in the course of a
single experiment.

RESULTS AND DISCUSSION

1. Adhesion in the Absence of Compressive Stress Relaxation

As is obvious from the data shown in Fig. 2, the relaxation test under
a fixed value of probe penetration into a depth of adhesive layer
(displacement) is less sensitive to instrument compliance than the

FIGURE 2 Motor displacement and stress as a function of time during
compression stage of a probe test. A: The stress is kept constant (0.4 MPa).
B: Probe displacement is constant (0.1 mm).
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test performed under a fixed compressive force. To make a firm
decision between these two test variants, let us consider first how a
contact time affects the stress and probe displacement if a film of elas-
tic adhesive separates the probe and rigid immovable plate. Figure 3
illustrates the behavior of Gelva 3011 crosslinked acrylic PSA in the
course of probe testing under a fixed compressive stress of 0.1 MPa
and a contact time of 1 s. In the Stage I (compression) at the probe
movement velocity of 0.1 mm=s the predetermined value of compress-
ive stress is achieved over 14 s. In the course of this stage the probe
penetrates into the depth of adhesive layer by 1.31 mm (initial thick-
ness of the film is 2.52 mm). As is seen from the bottom (left) picture
presented in Fig. 3, where the behavior of Gelva 737 crosslinked
acrylic adhesive is illustrated, this process leads to partial squeezing

FIGURE 3 Top: Nominal stress and probe displacement as a function of time
during Probe Tack test of Gelva 3011 PSA under fixed compressive stress
(0.1 MPa). The probe velocity is 0.1 mm=s, initial thickness of adhesive layer
is 2.52 mm. I: Compression; II: Contact period (50 s); III: Detachment.
Bottom: The pictures of PSA adhesive joint between the probe and Gelva
737 adhesive layer at the end of contact time period (left) and at the moment
corresponding to the peak stress on Probe Tack curve (right).
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of adhesive material from under the flat end of the probe. As the result,
the thickness of the adhesive layer under the probe’s end decreases,
while the squeezed adhesive gathers around the cylindrical probe,
increasing the area of probe contact with the adhesive. The squeezed
adhesive surrounding the walls of the cylindrical probe is allowed to
relax. Over the contact time of 50 s (Stage II) the probe penetrates
further into the adhesive layer, achieving a value of 1.94 mm. Finally,
under probe detachment with the same velocity of 0.1 mm=s (Stage III),
the probe displacement increases linearly with time, whereas, the
value of debonding stress goes through a maximum and pronounced
plateau. The peak on the stress-time (strain) curve corresponds to
the formation of cavities (bubbles) in the adhesive layer under end of
the probe, which are visible in the bottom (right) picture shown in
Fig. 3. Further probe detachment results in PSA fibrillation (not shown
in Fig. 3). Obviously, the friction force between the walls of the cylindri-
cal probe and the adhesive squeezed from under the probe creates an
additional increment in the maximum value of debonding stress.

Figure 4 demonstrates the curves of stress and nominal displace-
ment as a function of time for Gelva 3011 crosslinked acrylic PSA.
As the adhesive film is subjected to the action of bonding pressure
until the predetermined value of probe penetration depth of 0.1 mm
is achieved, the compressive stress attains the value of 0.96 MPa over
1 s and then relaxes to 0.29 MPa during a contact period of 50 s. After

FIGURE 4 Nominal stress and probe displacement as a function of time
during Probe Tack test of Gelva 3011 PSA under a fixed value of probe pen-
etration depth into adhesive layer (0.1 mm). The probe velocity is 0.1 mm=s.
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this time, the probe is separated with a detachment velocity of
0.1 mm=s and the stress shows a smooth peak followed by an extended
plateau.

As is seen from Fig. 5, if the adhesive is not allowed to relax during
or after the process of bond formation, the value of contact time has
a significant effect on the mechanism of adhesive deformation in
the course of the debonding process. At comparatively short contact
times (1–20 s) and correspondingly small values of probe penetration
depth (1.05–1.67 mm), the Probe Tack stress-strain curves show a
pronounced plateau without a peak in the area of low relative exten-
sion. The increase of contact time and probe penetration depth above
this limit results in the appearance of the peak at e� 0.2. The height of
the stress peak increases with the contact time and probe penetration.
The most plausible explanation for the observed rise of peak stress is
the improvement of probe contact with the adhesive layer. At the
microscopic level this means that the average size of the contact
defects (microbubbles) decreases with contact time [20]. Another poss-
ible reason behind the increase in maximum stress is that the thick-
ness of the adhesive layer under the probe decreases with contact
time. As has been recently shown [26], the peak stress grows as the
thickness of adhesive layer reduces. The area under the Probe Tack

FIGURE 5 Effect of contact time, probe penetration depth, and W on the
curves of probe separation for the acrylic adhesive Gelva 3011. Bonding press-
ure is constant (0.1 MPa), debonding velocity is 0.1 mm=s, and initial thickness
of adhesive film is 2.52 mm.
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curves that refer to the practical work of adhesion increases with both
contact time and probe penetration depth.

2. Relaxation and Adhesion of Typical PSAs

An alternative procedure for the Probe Tack test includes the relax-
ation of compressive stress during contact formation, while the probe
position (and material deformation) remains fixed with the contact
time (Fig. 1B). This procedure has the advantage of keeping the layer
thickness independent of contact time and, therefore, to avoid any
dependence of the debonding stress on the layer thickness. Also, if
the depth of probe penetration into the adhesive layer is constant,
the increment of additional contact area of the adhesive with the walls
of cylindrical probe (Fig. 3 bottom left) is uniform for all the samples
and allows comparison of their debonding curves. The relaxation
curves for PIB (Oppanol B15), silicone (BIO-PSA 7-4302) and SIS-
based DURO-TAK 34-4230 PSAs are shown in Fig. 6 [27]. By fitting
the exponential relaxation curves in Figure 6 with the sum of expo-
nents [Eq. (2)] it has been established that three populations of relax-
ation times and corresponding moduli can approximate the curves of
stress relaxation in Fig. 6. All found values are presented in Table 1.
For all the adhesives examined, the following ranges of relaxation
times and moduli have been established: Geq ¼ 0–0.6 MPa,

FIGURE 6 Compressive stress relaxation curves for PIB (Oppanol B15), sili-
cone (BIO-PSA 7-4302), and SIS-based (DURO-TAK 34-4230) adhesives.
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G1 ¼ 0.08–0.8 MPa, s1 ¼ 1–6 s, G2 ¼ 0.06–0.5 MPa, s2 ¼ 5–50 s,
G3 ¼ 0.02–0.2 MPa, s3 ¼ 30–800 s.

Figures 7–10 illustrate the effects of contact bonding time on the
tack behavior for a variety of PSAs. All employed adhesives can be
classified into two groups: 1. fully relaxing PIB adhesives (Oppanol
B15, Oppanol B12, Fig. 5). 2. adhesives which are able to store energy
in the course of deformation and exhibit a residual (unrelaxed) stress
during the contact time. SIS-based (DURO-TAK-34-4230, Fig. 9), and
to a somewhat less extent the acrylic Gelva 3011 PSA, (Fig. 10). Sili-
cone adhesive BIO-PSA 7-4302 (Fig. 7) takes an intermediate position.

Geq is a direct measure of the stored energy in a polymer material.
As a rule, the appearance of the second maximum on the Probe Tack
curve results from a network structure of the adhesive material. For
instance, in the SIS-based DURO-TAK-34-4230 adhesive, the network
structure is provided by the glassy domains of polystyrene blocks.
Polymer networks frequently reveal an apparent yield stress that is
defined as a minimum pressure at which the material ceases to flow
under an applied stress [28]. Such behaviors are typical for SIS-based
DURO-TAK 34-4230 (Fig. 9) and to a less pronounced extent for
acrylic Gelva 3011 (Fig. 10) adhesives. As follows from the data in
Table 1, the relaxation times of SIS DURO-TAK 34-4230 and acrylic
Gelva 3011 PSAs are appreciably higher than those for PIB Oppanol

FIGURE 7 Effect of contact time on Probe Tack curves of silicone adhesive
BIO-PSA 7-4302. The depth of probe penetration into adhesive layer is
0.1 mm and the velocity of probe separation is 0.1 mm=s.
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B12, Oppanol B15, and silicone BIO-PSA 7-4302. Thus, the longer
relaxation processes are mostly associated with the appearance of a
pronounced plateau on the debonding curves (silicone BIO-PSA

FIGURE 8 Kinetics of nominal compressive stress relaxation during adhesive
bond formation, followed by the debonding process for PIB Oppanol B12 (top)
and for Oppanol B15 (bottom).
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7-4302, Fig. 7) or even a second maximum (SIS DURO-TAK 34-4230,
Fig. 9, and acrylic Gelva 3011 PSA, Fig. 10). Fully relaxing, soft
viscous adhesives such as Oppanol B12 or B15 have low relaxation

FIGURE 9 Probe tack curves of DURO-TAK 34-4230 obtained under different
contact times.

FIGURE 10 Effect of contact time on Probe Tack of acrylic adhesive Gelva
3011.
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times and a liquid-like debonding mechanism typical of fluid adhesives
(Fig. 8). The values of characteristic modulus associated with shortest
relaxation times, G1, are generally higher than G2 and G3. Geq is a
direct measure of the stored elastic energy in a polymer material.
Fluid PIB adhesives (Oppanol B12 and Oppanol B15) do not reveal
any apparent yield stress (Fig. 8) and, consequently, no equilibrium
modulus (Table 1).

The complex geometry of the Probe Tack test does not allow us
to present the straightforward physical meaning of the two shorter s
values, because, in addition to the viscoelastic response of the adhesive
material and small-scale recovery of the material structure, these
values also account for the formation of adhesive contact and instru-
ment compliance. However, let us take into consideration that, as
Eq. (3) predicts, the longer s contributes to high adhesive strength.

3. Correlation between Contact Time, s, and Adhesion

As is obvious from the data presented in Figs. 7–10, the contact time
does not appreciably affect the mechanism of the debonding process.
The peak stress grows with increasing contact time during the first
20 s and achieves its limiting value after 50 s for PIB and in 100 s for
all other examined PSAs.

Figures 5 and 10 compare the behavior of Gelva 3011 acrylic PSA
under two bonding conditions: at fixed compressive stress (Fig. 5)
and at constant value of relative deformation of compression, defined
as a ratio of probe penetration depth to initial thickness of the
adhesive layer (e ¼ 0.2, Fig. 10). The adhesive films are thick enough
in the former case (2.52 mm, Fig. 5) and comparatively thin in the lat-
ter (0.5 mm, Fig. 10). As is seen from Fig. 5, the contact time, the depth
of probe penetration, and the thickness of adhesive film under the
probe appreciably affect the mechanism of debonding and the shape
of the Probe Tack curve. In contrast, the debonding mechanism is
independent of contact time if the relative depth of probe penetration
is kept constant. The implication of this important observation is that
the ratio between the depth of probe penetration and the initial thick-
ness of the adhesive layer is the major factor governing the mechanism
of adhesive bond failure in the course of the Probe Tack test, not the
absolute values of adhesive film thickness, probe penetration depth,
and contact time. This finding needs further special research.

The value of the practical work of adhesion, W, is shown in
Figs. 11–14 along with the maximum debonding stress as a function
of contact time. The work of debonding is an increasing function of
contact (relaxation) time. It is noteworthy that the maximum practical
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work of adhesion is achieved if the adhesive material is allowed to
relax for 200 s and longer. For fluid adhesives (PIB Oppanol B12
and B15) the time to achieve a steady state regime of W values is

FIGURE 11 Debonding energy (W) and maximum stress values (rmax) versus
the contact time for silicone adhesive BIO-PSA 7-4302.

FIGURE 12 W versus the contact time for PIB Oppanol B12 and Oppanol B15
adhesives.
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shorter: 25 and 50 s, respectively (Fig. 12). This fact suggests that for
maximum adhesive strength the contact time of PSAs should be com-
parable with the longer s.

Of course, many PSAs have very long relaxation times because they
are very solid-like and the contact time dependence reflects more the

FIGURE 13 Effect of contact time on the work of debonding and the values of
two stress peaks for SIS-based DURO-TAK 34-4230 PSA.

FIGURE 14 The contact time dependence of the work of debonding and the
values of two stress peaks on Probe Tack curve for acrylic Gelva 3011
adhesive.
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annealing of surface defects than a true relaxation of the material per
se, although the relaxation process contributes to the driving force for
such an annealing. At best, this example is illustrative of the fact that,
in general, it is not wise to ignore the effect of the bonding stage when
analyzing the debonding stage. This is particularly true when the PSA
is very fluid-like with a very important viscous component.

4. Impact of the Relaxation of Entangled and Network
Structures on Adhesion

While it is difficult to attribute unequivocally the shorter and inter-
mediate values of the s to the relaxation of polymer segments and
macromolecules, due to the complex geometry of the Probe Tack Test,
the longer relaxation times of the order of 50 s and higher relate most
likely to the effects of a complex polymer supramolecular structure
and chain entanglements [29]. Figure 12 illustrates the comparison
of relaxation and debonding curves for two PIB adhesives of different
molecular weights (Mw). Oppanol B12 is reported to have
Mw ¼ 51,000 g=mol and Oppanol B15 has Mw ¼ 88,000 g=mol. The
entanglement Mw of PIB is reported to be 8,700 g=mol [30]. As is evi-
dent from Fig. 12, for lower Mw PIB W achieves its steady state values
of 100–110 J=m2 almost instantaneously, whereas, for the higher Mw

fraction this process takes appreciable time that is comparable with
the value of longer s for this polymer (50 s). Fluid, low Mw adhesives,
relax faster then elastic PSAs of higher Mw, however, the observed dif-
ference in the behaviors of these two PIB adhesives can be hardly
explained only by the difference in their Mw. Aggressive tack of highly
soft low Mw PIB promotes the formation of good adhesive contact and
less time is required to achieve the maximum value of W.

The correlation between relaxation and adhesion is presented
in Figs. 15 and 16 for silicone BIO-PSA 7-4302 and for SIS-based
physically crosslinked DURO-TAK 34-4230 adhesives. The former
(Fig. 15) represents the behavior of fluid, fully relaxing adhesives
with very low values of Geq, whereas, the latter stores mechanical
energy under bonding pressure, demonstrating a high value of Geq

(see Table 1) and appreciable unrelaxed residual stress (Fig. 16).
As is seen from the stress-relaxation curves, the initial period of fast
relaxation (20–35 s) is followed by an intermediate period and,
finally, the process of slow relaxation (since 125–150 s). It is clear
that shorter relaxation times dominate within the period of fast
relaxation, while the longer relaxation times govern the steady-state
(equilibrium) adhesion of both types of the PSAs. In both cases, the

Stress Relaxation During Bonding and Adhesion of PSAs 183

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
9
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



achieving of maximum adhesion falls on the end of the intermediate
relaxation period and the onset of slow relaxation.

Thus, in full agreement with Eq. (3), high adhesion is associated
with the longer relaxation times. The relaxation mechanism provides
a connection between all the stages of the process of pressure sensitive
adhesion.

FIGURE 15 Effect of contact time on W as compared with bonding stress
relaxation curve for silicone BIO-PSA 7-4302 adhesive.

FIGURE 16 Comparison of bonding stress relaxation curve with the change
in W as a function of contact time for SIS-based DURO-TAK 34-4230 PSA.
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5. Optimum Range of Longer Relaxation Times Providing
Strong Adhesion

As is shown in a series of our earlier publications [20,21,31], for high
adhesion a compromise has to be reached between the values of the
cohesion energy, diffusion coefficient, and relaxation times of PSAs.
Figure 17 establishes the correlation between W and the values of
longer relaxation times measured for the examined adhesives.
Adhesion appears with the rise of longer relaxation times exceeding
50 s and increases passing through a maximum (acrylic Gelva 3011
PSA) at s3 ¼ 330–380 s. A further increase of the longer relaxation
times results in a gradual decline in the adhesion. The best adhesion
is assured as the longer s varies in the range from 150 to 800 s.

6. Deborah Numbers of PSAs

Viscoelastic polymers have well-defined relaxation times such as a
reptation time, Rouse time, or entanglement time. Such relaxation
times do not depend on the observation time but only on the chemical
structure of polymer, its Mw, and T. As follows from Eq. (1), the nD (for
a given material) is a function of the observation time. On the
other hand, PSAs have very complex relaxation spectra and the

FIGURE 17 Longer relaxation times and W for SIS-based DURO-TAK 34-
4230, acrylic Gelva 3011, silicone BIO-PSA 7-4302, and two grades of PIB
adhesives (Oppanol B12 and B15).
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FIGURE 18 Effect of observation time on the values of longer relaxation
time, s3, for SIS-based DURO-TAK 34-4230, acrylic Gelva 3011, and silicone
BIO-PSA 7-4302 adhesives.

FIGURE 19 Effect of observation time on the values of longer relaxation
time, s3, for PIB Oppanol B12 and B15 adhesives.
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approximate results obtained from the fit of Eq. (2) to experimental
data depend markedly on the experimental window used. Figures 18
and 19 illustrate the effect of the observation window, tobs, on the
values of the fitted value of the longer relaxation time, s3, for SIS-
based DURO-TAK 34-4230, acrylic Gelva 3011, silicone BIO-PSA 7-
4302, and PIB Oppanol B12 and B15 adhesives. As is obvious from
Figures 18 and 19, for all the PSAs examined, except the most fluid
low Mw PIB (Oppanol B12), the fitted longer s is an increasing linear
function of the observation window, although the points for the smal-
ler observation window tend to deviate from the linear relationship for
the most elastic, crosslinked SIS DURO-TAK 34-4230 and acrylic
Gelva 3011 adhesives. Interestingly, however, the slopes of the linear
parts of the curves presented in Figs. 18 and 19 are constant and,
therefore, can be related to the nD of the PSAs. The found values of
the nD are listed in Table 2 along with parameters of R2.

All PSAs are viscoelastic materials that couple the properties of
solids and liquids. The values of the nD are informative on the
liquid-like and solid-like contributions. As nD ¼ 1, a material is 50%
solid and 50% liquid. This is the case of physically crosslinked SIS-
based adhesive characterized by the magnitude of the nD that
approaches unity (Table 2). For all other adhesives considered, the
liquid-like viscous contribution dominates the solid-like elastic one.
While the elastic contribution is appreciable for the chemically
crosslinked acrylic Gelva 3011 adhesive (nD ¼ 0.388), silicone BIO-
PSA 7-4302 and PIB adhesives are typical viscous liquids. For most
liquid-like, lower MW PIB fraction (Oppanol B12), the fitting of stress
relaxation curves with Eq. (2) at observation times less than 200 s does
not yield plausible values of relaxation times (Fig. 19). Crosslinked
adhesives (SIS-based and acrylic) as well as silicone PSAs, which
exhibit best adhesion, demonstrate nD values between 0.15 and 1.

TABLE 2 The Values of nDs Determined for SIS-Based (DURO-TAK 34-
4230), Acrylic (Gelva 3011), Silicone (BIO-PSA 7-4302), and PIB (Oppanol
B15) Adhesives by Treating the Relationships Between the Longer Relaxation
Times and the Observation Times

PSA nD R2 Notes

SIS (DURO-TAK 34-4230) 0.857� 0.090 0.9788 Complete data set
0.989� 0.089 0.9921 Taking 4 last points only

Acrylic (Gelva 3011) 0.388� 0.061 0.9765 Taking 4 last points only
Silicone (BIO-PSA 7-4302) 0.155� 0.008 0.9952 Complete data set
PIB (Oppanol B15) 0.058� 0.027 0.8378 Complete data set
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The values of nD values described in this section are only approxi-
mate and are calculated with the longer s. They are only used to give
an idea of the type of behavior (liquid or solid) of the PSA examined. In
reality, the spectrum of the relaxation times in the linear viscoelastic
region is a well-defined material property that does not depend on
observation time. However, measured values of such viscoelastic
properties as moduli G0 and G00 depend on both the s and the obser-
vation time.

CONCLUSIONS

At the conditions corresponding to the process of adhesive bond forma-
tion under compressive force, for which the mode of deformation is
typically in shear, PSAs reveal three relaxation times, which in their
magnitudes are about one decade apart. Only the longer relaxation
times (150–800 s) are significant for high adhesion of various PSAs
and they relate mainly to the energy-dissipating processes and chain
entanglements which, in turn, are associated with translational move-
ment (self-diffusion) of polymer segments and entire macromolecules
in the course of large-scale structural rearrangements. The minimum
values of longer s are typical of fluid adhesives. Chemically or physi-
cally crosslinked, network adhesives have much greater values of
the longer relaxation times. Compressive stress relaxation in the
course of adhesive bonding governs the mechanism of adhesive joint
failure during debonding under the detaching force. The adhesives
exhibiting complete stress relaxation debond mainly as fluids with
or without pronounced plateau on the Probe Tack stress-strain curves.
In contrast, network adhesives, such as SIS and covalently crosslinked
acrylic PSAs, are capable of storing mechanical energy under bonding
pressure. They show occurrence of residual, unrelaxed stress and
typically have two peaks in the debonding stress-strain curves. For
all the PSAs, the practical work of adhesion achieves its maximum
value as the contact time becomes comparable with the longer relax-
ation time, or more precisely, as the mechanism of slow relaxation is
rendered dominating. If the stress during adhesive bonding is not
allowed to relax, the mechanism and the energy of debonding are
independent of the contact time. However, if the bonding stress can
relax, the contribution of the contact time to the work of adhesive
debonding is appreciable. Correlation between the adhesion and s
for all the PSAs examined can be described fairly reasonably with
Eq. (3) that relates peel adhesion to the s and translational mobility
of adhesive polymer.
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PSAs are viscoelastic materials, which combine the properties of
solids and liquids. Relative contributions of viscous and elastic
behaviors can be estimated in terms of so-called Deborah numbers
that relate the time scale of structural rearrangement in the material
to the time of experimental observation. The nD values for the exam-
ined adhesives range between 0.06 (low molecular weight PIB frac-
tions) and unity (physically crosslinked SIS-based PSA). Crosslinked
adhesives (SIS-based and acrylic) as well as silicone PSA, which exhi-
bit best adhesion, demonstrate Deborah numbers between 0.15 and 1
if the longer s is chosen as the characteristic s of the adhesive.
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