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ABSTRACT: Polymer gels are complex materials used in myriad applications and industries including foods, consumer products, and

adhesives. We examine the rheology and adhesion characteristics of three fluorosilicone gels of varying equilibrium modulus. Adhe-

sion is studied in terms of confinement and separation velocity or initial strain rate. Further, the role of debonding mechanism on

the adhesion properties is also elucidated. At low initial strain rates or low degrees of confinement, interfacial failure dominates while

at high initial strain rates or high degrees of confinement bulk cavitation is the dominant debonding mechanism. We also report for

the first time a transition region where both interfacial failure and bulk cavitation are observed. The adhesion results are explained in

light of the rheological properties of the gels examined. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40034.
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INTRODUCTION

Polymer gels are physically or chemically crosslinked networks of

polymers which are swollen in a liquid.1 The network structure is

formed by the polymer chains that are bound together either

chemically (covalent bonds) or physically (entanglements). The

resulting structure of the gel network is dictated by the composi-

tion as well as the kinetics of the reactions that form it.2 The

material properties of a polymer gel are determined, in large

part, by the structure of the gel network. The swelling liquid (or

sol) is composed of other molecules (e.g., solvent, short chain

polymers, entangled polymer chains, etc.) that are not bound

into the network. The contribution of the sol to the polymer gel

material properties varies depending on the nature of the sol. For

example, a sol comprised of a low viscosity Newtonian liquid

will have a very different contribution to material properties than

a sol comprised of an entangled polymer solution. By manipulat-

ing the microstructure and composition of a polymer gel, a wide

variety of material properties ranging from hard rubbery plastics

to soft hydrogels can be obtained.

The wide range of material properties accessible through manip-

ulation of the gel microstructure and composition has resulted

in polymer gels being employed in diverse applications ranging

from food3,4 and drug delivery5 to adhesives6 and consumer

products.7 Silicone-based polymer gels have found wide applica-

tion in consumer products ranging from medical implants and

treatments8,9 to cooking utensils. Polymer gels have also found

application as adhesives in sophisticated technologies such as

nanotechnology, microelectronics, and biotechnology.10 Given

the myriad applications and uses for polymer gels, a sound

understanding of polymer gel material properties and behaviors

under various conditions is essential to their continued effective

use.

For adhesive applications, an understanding of how the material

properties of the gel affect the adhesive performance is critical.

Further, the effect of material properties and use conditions on

the debonding behavior and mechanisms is also important.

Generally, the debonding mechanism observed is dependent on

such factors as gel modulus, gel rheology, confinement (the

combination of adhesive layer thickness and contact force), and

the velocity at which the probe and adhesive are separated.11–15

The most common debonding mechanisms observed can be

categorized as interfacial failures which include surface cavita-

tion and edge crack propagation and bulk failures where cavita-

tion occurs in the bulk of the material. Understanding the

relevant debonding mechanisms, the factors that influence

which mechanisms are observed, and how the debonding mech-

anism affects overall adhesive properties is a key research

challenge.

In this article, we examine the rheology and adhesion properties

of three fluorosilicone polymer gels of varying equilibrium
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modulus. First, the rheology of the gels is characterized over

five decades of frequency to give a basis for interpreting the

subsequent adhesion measurements. Then adhesion is examined

in terms of the gel confinement and separation velocity. Finally,

we examine the mechanisms of debonding and their effect on

measured adhesion properties including practical work of adhe-

sion, peak adhesive force, and strain to failure.

EXPERIMENTAL

The polymer gel used in the present studies is a commercially

available, heat cured, platinum catalyzed fluorosilicone gel

(DC4-8022) obtained from Dow Corning (Midland, MI). The

gel is characterized by Dow Corning according to its hardness,

which correlates with equilibrium modulus, at 25�C. Three

samples of the fluorosilicone gel were obtained ranging in hard-

ness from very soft (30 g) to hard (110 g). The gel samples

used here are cured at 82�C for a period of 24 h.

During and after cure, rheological tests were performed using a

TA Instruments (New Castle, DE) AR-G2 stress controlled rhe-

ometer with a 40-mm diameter parallel plate geometry and a

Peltier plate for temperature control. Sol content of the cured

gel was determined via Soxhlet extraction in methyl ethyl ketone

(MEK) as described in detail elsewhere.16 For each of the gels

studied here, the gel contains 46 6 2.5% by weight unreacted

sol.

Tack adhesion measurements were performed using a TA

Instruments (New Castle, DE) ARES G2 strain controlled rhe-

ometer. Tack samples were prepared by casting a 2-mm thick

layer of fluorosilicone gel onto a 50-mm diameter aluminum

plate then curing as stated above. This process resulted in a

cured gel layer approximately 0.9-mm thick. All tack samples

were tested at room temperature (22�C). For tack measure-

ments, an 8-mm diameter stainless steel probe with a flat sur-

face was brought into contact with the gel layer and a given

force applied for a controlled period of time. The probe was

then separated from the gel surface at a controlled rate while

measuring the force exerted by the gel as a function of time.

Specific values of the experimental variables used (contact force,

separation velocity, etc.) are given with the results of the

measurements.

RESULTS AND DISCUSSION

Gel Rheology

Gel rheology was measured by curing a sample of the gel at

82�C in a 40-mm stainless steel parallel plate fixture of the con-

trolled stress rheometer with a gap (sample thickness) of 1 mm.

The kinetics of the cure process were monitored over the course

of the 24 h cure time via small amplitude oscillatory shear

measurements (Figure 1). Initially, the uncured gel, which is a

viscous liquid, has a viscous modulus (G00) that is more than an

order of magnitude higher than the elastic modulus (G0). Dur-

ing the cure period the elastic modulus quickly grows as the gel

network is formed. Eventually, the magnitude of the elastic

modulus surpasses that of the viscous modulus indicating that

the material behavior changes from being more viscous to more

like an elastic solid. The elastic behavior of the cured gel is due

mainly to the formation of the chemically crosslinked gel net-

work while the viscous contribution can be attributed mainly to

the unreacted polymer sol.

The critical gel point is determined from the oscillatory meas-

urements at several different frequencies during the curing reac-

tion. The critical gel point is defined by the point where a

percolated polymer network is first formed. Physically, it is the

point at which the viscosity of the reacting material diverges to

infinity as a space filling three-dimensional network is formed.17

Beyond the gel point, the material is a viscoelastic solid for

which the crosslink density increases as the reaction proceeds.18

The critical gel point is quantified by the time at which tan(d),

which is the ratio of the viscous and elastic moduli, measured

at different frequencies is the same (Figure 2).19 For the

medium modulus gel (shown in Figure 2), the critical gel point

is reached at a reaction time of 71 6 8 min, based on three

independent gel cure measurements. The low and high modulus

gels reach the critical gel point in 83 6 8 min and 59 6 3 min,

respectively (also based on three independent measurements).

Following the 24 h cure period, the cured gel sample was cooled

to 25�C and allowed to equilibrate for at least 20 min. The

Figure 1. Evolution of the dynamic moduli at a frequency of 1 Hz and

stress of 5 Pa as a medium modulus fluorosilicone polymer gel undergoes

the curing reaction at 82�C.

Figure 2. Evolution of tan(d) over time as the fluorosilicone gel cures.

The gel point is determined from the point where tan(d) is independent

of frequency.
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rheology of the cured gel was then measured over five decades

of frequency using small angle oscillatory shear measurements

(Figure 3). For each of the gels tested, the elastic modulus is

independent of frequency at the lowest frequencies. This fre-

quency independence at low frequencies is used to determine

the equilibrium modulus of the material. The strength of a gel,

quantified by the equilibrium modulus, is generally propor-

tional to the density of crosslinks (either chemical or physical)

in the gel network.20 In the limit of low frequency, the elastic

modulus for each gel is considerably larger than the viscous

modulus with the highest modulus gel having the greatest dif-

ference in magnitude between G0 and G00. The dominance of the

elastic modulus at low frequency indicates that the material

response is dominated by the elastic gel network. The frequency

of the oscillation is slow enough that the viscous polymer sol

has sufficient time to relax under the applied stress and, thus

does not contribute significantly to the material response. Simi-

lar results for the relative contributions of the elastic gel net-

work and viscous sol have been reported for silicone gels with

various solvents.21 Further, the dependence of G0 on frequency

observed here (specifically the significant increase in G0 at

higher frequencies) is characteristic of a gel containing and

entangled sol.21 The increase in both G0 and G00 is due to the

effect of physical entanglements increasing the effective crosslink

density and contributing to the material response via viscous

dissipation. This increase is not observed (or not as strong)

when the sol is not an entangled polymer.

As the oscillation frequency is increased, the viscous modulus

for each gel increases in a power law fashion. For the low and

medium modulus gels, the viscous modulus becomes greater

than the elastic modulus at a frequency of about 0.1 Hz and 1.5

Hz, respectively. The high modulus gel does not exhibit a simi-

lar crossover in the range of frequency studied here, but the

crossover frequency is estimated to be 120 Hz based on the

slopes of the associated curves. This crossover in moduli has

also been reported for other adhesive gel materials.12 At the

highest measured frequencies, the magnitude of the viscous

modulus is very close to the magnitude of the elastic modulus

for each gel suggesting that the overall material response is sig-

nificantly impacted by contributions from both the elastic gel

network and the viscous polymer sol (i.e., the response is visco-

elastic). The time scale of the deformation at high frequencies is

such that the polymer sol does not have sufficient time to relax

under the applied stress and, thus contributes more significantly

to the material response than at lower frequencies.

The relative contribution of the elastic gel network and viscous

polymer sol to the overall material response is further empha-

sized by examining the behavior of tan(d) over the range of fre-

quencies studied (Figure 4). At low frequencies, tan(d) has

values much less than 1 for each gel indicating that the elastic

contributions dominate the material response. However, as the

frequency is increased, tan(d) approaches and plateaus at a

value near 1 indicating that the elastic and viscous contributions

become equally significant in the material response. Further, the

value of tan(d) for each gel converges to the same value at high

frequencies. This convergence indicates that, for the fluorosili-

cone gels studied here, the behavior of the gel at short time

scales is similar. Further, it suggests that, regardless of the equi-

librium modulus of the gel, at short time scales the gels become

indistinguishable in their material response.

Gel Adhesion and Debonding

When an uncrosslinked or lightly crosslinked polymer is

brought into contact with the surface of another material at a

temperature above its glass transition temperature, an adhesive

bond of measurable strength is formed in most cases.22 The

adhesion of the polymer to the substrate is highly influenced by

the viscoelasticity of the polymer as well as the surface and

interfacial tensions of the polymer and substrate.23 Soft polymer

gels can have excellent adhesive properties due to their combi-

nation of viscous and elastic properties.5,24,25 As surfaces

bonded with a polymer gel are peeled apart, the gel deforms,

but only a fraction of the applied energy is stored as elastic

energy in the gel network. The ability of the bulk polymer gel

to dissipate energy effectively determines, in large part, its

Figure 3. Frequency dependence of the dynamic moduli for three fluorosili-

cone polymer gels [(�) low modulus, (�) medium modulus, (•) high

modulus] in the linear viscoelastic regime with a stress of 5 Pa at 25�C.

Figure 4. Frequency dependence of tan(d) for three fluorosilicone polymer

gels [(�) low modulus, (�) medium modulus, (•) high modulus)] in

the linear viscoelastic regime at a stress of 5 Pa and 25�C.
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effectiveness as an adhesive. During the separation phase, the

adhesive must be able to accommodate large deformations to

store and dissipate a large amount of energy before fracture

occurs.24,26,27 The energy dissipating ability of the material is

directly related to its viscoelastic properties (i.e., rheology).

Adhesive bond formation also requires sufficiently high polymer

segmental mobility to obtain contact in molecular dimensions

between the adhesive and solid substrate during the possibly

very short contact time. Contact formation is an important fac-

tor in determining the strength of an adhesive joint28 and can

be highly dependent on the time of the contact. If the gel mate-

rial is cured on the substrate, then intimate contact is deter-

mined by the ability of the uncured material to wet the

substrate surface.25 If the gel is brought into contact with the

substrate after curing, the contact between the gel and the sub-

strate is influenced by the contact force (or confinement), con-

tact time, and rheology of the gel. Increasing the contact force

generally results in better contact and, thus, better adhesive

strength.28 Obtaining intimate molecular contact between the

gel and the substrate greatly determines the strength of the

adhesive joint.28

Here, the effects of confinement and separation velocity on the

adhesive properties of fluorosilicone gels are examined. Adhesion is

measured by bringing an 8-mm diameter cylindrical probe into

contact with a 0.9-mm thick layer of cured fluorosilicone gel at a

controlled force for a controlled period of time [Figure 5(a)]. The

probe and gel are then separated at a specified velocity [Figure

5(b)] while recording the force required to maintain that velocity

as a function of distance. The resulting force-displacement curve is

then used to determine the work of adhesion and peak adhesive

force (or peak adhesive stress) for the given conditions [Figure 5(c)].

In every case reported here, bond failure occurred between the gel

and the probe in an adhesive manner meaning that the gel cleanly

separated from the probe surface without leaving any visually

observable residue behind.

Debonding Mechanisms

From the force data measured during separation, a stress ver-

sus strain curve can be generated for each experiment. The

shape of the stress versus strain curve gives insight into the

mechanisms of bond failure that are relevant at each experi-

mental condition.11–13,15 To correctly interpret the mechanical

results and to support the discussion of our results, we will

briefly discuss the types of stress–strain curves observed in this

work and their interpretation. For this discussion, we use data

for the low modulus gel taken at varying separation velocities

(Figure 6). At the lowest separation velocity, the stress reaches

a maximum (peak adhesive stress) at small strain values fol-

lowed by a reduction in stress as the strain is increased [Figure

6(a)]. The downturn of the stress here is caused by the initia-

tion of the bond failure. This failure can be attributed to prop-

agation of an edge crack or surface cavitation around a defect

(e.g., an air bubble trapped at the probe surface).12,13 In the

remaining discussion, this type of bond failure will be referred

to as interfacial failure and we will not distinguish between

surface cavitation and crack propagation. As the strain is

increased further, the stress may monotonically decrease or

there may be another increase in the measured stress as shown

in Figure 6(a). This increase in stress is attributed to strain

hardening in the adhesive film during fibril formation.

At high values of separation velocity, the stress–strain curve indi-

cates that a different failure mechanism is at play [Figure 6(c)].

Like the low separation velocity case, when the probe and gel are

separated quickly the stress reaches a maximum at small strain

values. However, in the case of high separation velocities, the

magnitude of the peak adhesive stress is much greater (about two

orders of magnitude greater in this case) than in the low separa-

tion velocity case. Here, the decrease in stress following the maxi-

mum is caused by cavitation within the bulk of the adhesive

film.12,13,15 The sudden decrease in load bearing area caused by

the appearance of bulk cavities results in a drop in the measured

tensile force. As the strain increases further, the stress also

increases as the adhesive strain hardens and eventually separates

from the probe surface. Following bulk cavitation, the cavities

collapse and remain in the film after separation—a feature that

distinguishes bulk cavitation from surface cavitation.13

At intermediate separation velocities, the stress–strain curve sug-

gests a bond failure behavior that is a hybrid of the low and

high separation velocity cases [Figure 6(b)]. To our knowledge,

this is the first report of this transition behavior. At low strain

values, the behavior mimics the case where bulk cavitation

occurs. The stress rises rapidly and to much higher values than

are achieved when interfacial failure occurs. However, following

the peak adhesive force, there appears another peak. The shape

of this peak, the peak stress, and the strain at the peak stress are

all consistent with what is observed for purely interfacial fail-

ures. Thus, following the cavitation in the bulk of the adhesive

layer interfacial failure (by either surface cavitation or edge

crack propagation) significantly contributes to the failure

Figure 5. Schematic representation of an adhesion experiment (a and b)

and a representation of the associated data (c).
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behavior. Finally, as strain is increased further strain hardening

is observed until separation is achieved.

In summary, the character of the stress–strain curves gives insight

into the adhesive bond failure mechanisms pertinent to the given

experimental conditions. We have shown three representative

curves that indicate the predominant failure mechanism of interfa-

cial failure [Figure 6(a)], a blend of bulk cavitation and interfacial

failure [Figure 6(b)], and bulk cavitation [Figure 6(c)]. We now

examine the influence of the adhesive properties of several gels on

the adhesion failure mechanism in light of the variables of con-

finement, and initial strain rate.

Confinement Effects

First, the effects of confinement were examined by varying the

contact force from 10 g to 1000 g. For contact forces of 500 g,

the separation velocity was varied over five orders of magnitude

from 0.001 mm/s to 100 mm/s. For this discussion, confine-

ment is defined as follows

Confinement5 12
h

h0

� �� �
3100

where h is the film thickness at the point where the measured force

changes sign and ho is the original film thickness. Using this defini-

tion, a confinement of 60% means that the film has been com-

pressed to 40% of its original thickness. For degrees of confinement

below 50%, the peak adhesive stress is independent of both confine-

ment and separation velocity (Figure 7). In this region interfacial

failure dominates. When the confinement in increased above about

60%, the failure mechanism transitions to bulk cavitation and the

peak adhesive stress increases dramatically with confinement (Figure

7). Even though the lower modulus gel is able to reach much higher

values of confinement (maximum of about 93% as opposed to

about 67% for the high modulus gel) due to its compliant nature,

the transition between interfacial failure and bulk cavitation occurs

in the same region (50–60%) for each of the gels regardless of modu-

lus. These results are consistent with work by Crosby et al.12 who

reported that the bond failure mechanism can be changed simply by

changing the confinement of the adhesive layer.

Separation Velocity/Initial Strain Rate

The adhesion properties of fluorosilicone gels were also found

to depend strongly on the speed at which the probe and gel

were separated from one another (separation velocity). For these

tests, the contact force and contact time were 500 g and 100 s,

respectively, which is sufficient to ensure good contact. For low

and moderate separation velocities, the work of adhesion

Figure 7. Dependence of the peak adhesive stress on film confinement for three

fluorosilicone polymer gels [(�) low modulus, (�) medium modulus, (•)

high modulus]. Open points represent cases where bulk cavitation is observed

while filled points show cases where interfacial failure is observed. Error bars

represent one standard deviation from three independent measurements.

Figure 6. Stress versus strain curves for the low modulus gel at probe sep-

aration velocities of 0.001 mm/s (a), 0.01 mm/s (b), and 0.1 mm/s (c).
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exhibited a power law dependence on the separation velocity

(Figure 8). The power law relationship breaks down at high sep-

aration velocities as the work of adhesion becomes independent

of the separation velocity. Further, for high separation velocities,

the work of adhesion for the three different modulus gels con-

verges to a similar value. This convergence is congruent to the

convergence in viscous and elastic moduli observed at high

oscillation frequency (Figure 3) and is further supported by the

same behavior observed in the high frequency dependence of

tan(d) (Figure 5). At high separation velocities, the three gels

become indistinguishable as the measurement is too fast to

allow for the relaxation of the polymer sol. When the polymer

sol is unable to relax under the applied stress, the contributions

from physical entanglements in the polymer sol to the gel

response become significant.

The peak adhesive stress also depends strongly on separation

velocity [Figure 9(a)]. For moderate separation velocities, a

power law relationship is observed. However, at both high and

low separation velocities, the peak adhesive stress is independent

of the separation velocity. At high velocities, all three gels show

similar values of peak adhesive stress. This similarity in behav-

ior at high velocities is also observed in the work of adhesion

(Figure 8) and is attributed to the similarity of the gel material

response at short time scales or high frequencies. However, at

low separation velocity, the high modulus gel exhibits the high-

est peak adhesive stress while the low modulus gel exhibits the

lowest peak adhesive stress. This can be understood by examin-

ing the low frequency rheology of both of these gels. The mag-

nitudes of the viscous modulus for the high and low modulus

gels are comparable at low frequencies (Figure 3). For small val-

ues of separation velocity, the polymer sol has sufficient time to

relax under the applied stress. Therefore, viscous contributions

to the material response are negligible in this regime. However,

there is a large difference in the magnitude of the elastic modu-

lus for these gels. Since the elastic network is mainly responsible

for the material response at low measurement speeds, it follows

that a more elastic network will exhibit a higher peak adhesive

stress than a less elastic network.

Further insight into the adhesion properties of these gels may

be gained by examining the peak adhesive stress normalized by

the equilibrium modulus of each gel as a function of the initial

strain rate normalized by a characteristic frequency for each gel

[Figure 9(b)]. The characteristic frequency used was determined

by the intersections of straight lines fitting the plateau of tand
at high frequencies and tand at low frequencies. The resulting

frequency is the frequency at which viscous effects become sig-

nificant in the material response. When the data are reduced in

this manner, the curves for each gel converge to a single value

at low initial strain rates. Thus, in the regime where interfacial

failure dominates, the peak adhesive stress generated is propor-

tional to the equilibrium modulus of the gel. This proportional-

ity suggests that the peak adhesive stress for a material in this

region is a property of the material rather than a product of the

experimental conditions. At high initial strain rates where bulk

cavitation dominates, no such similarity in peak stress values is

observed. This is not unexpected since the raw values of peak

adhesive stress [not normalized, Figure 9(a)] are very similar

Figure 8. Dependence of the work of adhesion on the initial strain rate

for three fluorosilicone polymer gels [(�) low modulus, (�) medium

modulus, (•) high modulus]. Error bars represent one standard devia-

tion from three independent measurements.

Figure 9. Dependence of the peak adhesive stress (a) on the initial strain rate

for three fluorosilicone polymer gels [(�) low modulus, (�) medium modu-

lus, (•) high modulus]. In (b) the peak adhesive stress is normalized by the

equilibrium modulus and the initial strain rate is normalized by a characteris-

tic frequency. Open points represent experiments where transition from inter-

facial failure and bulk cavitation was observed. Error bars represent one

standard deviation from three independent measurements.
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for each gel in the bulk cavitation regime due to their similarity

in rheological response at short time scales (i.e., at short time

scales, the gel material response is independent of Geq).

From the data presented in Figure 9(a), we can extract a critical

initial strain rate where the debonding mechanism transitions

from interfacial failure to bulk cavitation (Figure 10). The critical

initial strain rate is found to depend on the equilibrium modulus

of the gel in a power law fashion. Thus, softer gels (lower equilib-

rium modulus) transition to bulk cavitation at much lower initial

strain rates than stiffer gels. One possible explanation for this

trend can be made by examining the effects of confinement and

rheology. Each of the gels was treated with the same contact

force. However, due to the varying rheology of the gels, each

experiences a different confinement with the softest gel experienc-

ing the highest degree of confinement. If the confinement is

determined from the height of the gel sample at the point that

the measured force changes sign, higher degrees of confinement

will also be experienced at higher initial strain rates. Thus, at a

given initial strain rate, the low modulus gel experiences more

confinement than the high modulus gel simply due to differences

in rheology. This higher degree of confinement leads to bulk cav-

itation appearing sooner with the softer gels.

Next we examine the strain to failure for the fluorosilicone gels

as a function of the initial strain rate (Figure 11). At high initial

strain rates, the strain to failure is independent of the initial

strain rate. In this region, bulk cavitation is also the dominant

debonding mechanism [Figure 11(a)]. In the lower initial strain

rate regimes where interfacial failure occurs and through the

transition to bulk cavitation, the failure strain depends on the

initial strain rate in a power law fashion.

More insight into the failure strain behavior for fluorosilicone gels

may be gained when the failure strain is multiplied by the equilib-

rium modulus for each gel studied [Figure 11(b)]. This normaliza-

tion results in the three distinct curves from Figure 11(a) to

collapse to a single curve. As such, strain to failure appears to be

an intrinsic material property across all initial strain rates studied.

The three gels share a power law dependence of the failure strain

on initial strain rate for low and moderate initial strain rates. At

high initial strain rates, the failure strain reaches a plateau and is

independent of the initial strain rate. This behavior mimics the

data for the work of adhesion as a function of initial strain rate

shown in Figure 8. However, failure strain reaches the plateau

value at an initial strain rate that is about an order of magnitude

lower than the initial strain rate at which the work of adhesion

plateaus (3 s21 vs. 30 s21). This difference can be explained by the

fact that even though the materials fail at the same strain, the

work of adhesion continues to increase over the range of 3 s21 to

30 s21 because the peak adhesive force also continues to rise over

this range of initial strain rate [Figure 9(a)].

Generally speaking, the modulus of a material is given by the

quotient of the stress and strain imposed on the material. Thus,

multiplying a material modulus by a strain results in a stress.

As such, the data presented in Figure 11(b) suggest that, for a

given initial strain rate, each of the gels fails at common stress

stored in the elastic gel network. Indeed, when the failure stress

is examined, it is found to have the same qualitative depend-

ence on initial strain rate as does the product of the equilibrium

modulus and failure strain (Figure 12). At low and moderate

values of initial strain rate, the failure stress exhibits a power

law dependence on initial strain rate while at high initial strain

Figure 10. Critical strain rate for the onset of bulk cavitation as a func-

tion of equilibrium modulus for fluorosilicone polymer gels.

Figure 11. Strain to failure (a) and failure strain multiplied by the equi-

librium modulus (b) as a function of initial strain rate for three fluorosili-

cone polymer gels [(�) low modulus, (�) medium modulus, (•) high

modulus]. Open points indicate the transition region between interfacial

failure and bulk cavitation. Error bars represent one standard deviation

from three independent measurements.
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rates the failure stress is independent of initial strain rate. These

dependencies are similar to those observed in the dependence

of work of adhesion on initial strain rate and also in the

dependence of tan d on frequency.

CONCLUSIONS

The adhesive properties and debonding mechanisms of fluorosi-

licone polymer gels are sensitive to the confinement and separa-

tion velocity the gels experience. For low degrees of

confinement, debonding is dominated by interfacial failure,

regardless of the gel equilibrium modulus. As the degree of con-

finement is increased the debonding mechanism shifts to being

dominated by bulk cavitation. Further, at low initial strain rates

debonding is dominated by interfacial failure. In this region, the

work of adhesion and failure strain exhibit similar power law

dependencies on the initial strain rate. As the initial strain rate

is increased a transition in debonding mechanisms is observed

where both interfacial failure and bulk cavitation are present. To

our knowledge, this is the first report of this transition behavior

and its impact on adhesion properties as well as the qualitative

shape of the associated stress–strain curve. At high values of ini-

tial strain rate, the work of adhesion, peak adhesive stress, fail-

ure strain and failure stress are all independent of the initial

strain rate. Debonding in this regime is dominated by bulk

cavitation.
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Figure 12. Failure stress as a function of initial strain rate for three fluo-
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