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Detachment of compliant films adhered
to stiff substrates via van der Waals
interactions: role of frictional sliding
during peeling

Rachel R. Collino!, Noah R. Philips2, Michael N. Rossol?,
Robert M. McMeeking'%3# and Matthew R. Begley'

!Department of Mechanical Engineering, and “Department of Materials, University of California,
Santa Barbara, CA, USA

3School of Engineering, University of Aberdeen, King's College, Aberdeen AB24 3UE, UK
4INM—Leibniz Institute for New Materials, Campus D22, 66123 Saarbriicken, Germany

The remarkable ability of some plants and animals to cling strongly to sub-
strates despite relatively weak interfacial bonds has important implications
for the development of synthetic adhesives. Here, we examine the origins
of large detachment forces using a thin elastomer tape adhered to a glass
slide via van der Waals interactions, which serves as a model system for
geckos, mussels and ivy. The forces required for peeling of the tape are
shown to be a strong function of the angle of peeling, which is a consequence
of frictional sliding at the edge of attachment that serves to dissipate energy
that would otherwise drive detachment. Experiments and theory demon-
strate that proper accounting for frictional sliding leads to an inferred
work of adhesion of only approximately 0.5]m > (defined for purely
normal separations) for all load orientations. This starkly contrasts with
the interface energies inferred using conventional interface fracture models
that assume pure sticking behaviour, which are considerably larger and
shown to depend not only on the mode-mixity, but also on the magnitude
of the mode-I stress intensity factor. The implications for developing frame-
works to predict detachment forces in the presence of interface sliding are
briefly discussed.

1. Introduction

Many biological adhesive systems require surprisingly large forces to drive
detachment, despite having relatively ‘weak’ interfaces with intrinsically low-
energy interactions. Examples include the ability of geckos to adhere tena-
ciously to surfaces [1-6], the bio-fouling of polymers with bacteria [7,8] and
the adhesion of mussels to rock [9]. In such systems, the energy associated
with van der Waals interactions (e.g. geckos) or weak bonds (e.g. plants or mus-
sels) is relatively low, yet one observes large forces required for detachment
(i.e. peeling). Understanding the origins of large detachment forces in the pres-
ence of weak bonds has important implications for technological systems, such
as the development of surgical glue or the adhesion of graphene to itself [10]
and other substrates [11].

The force required to disconnect two surfaces depends not only on the inter-
face bonding, but also on the presence of dissipative mechanisms at the
interface and/or in the bulk of either material. Notable examples include plas-
ticity or viscoelasticity either in the bulk or in thin interlayers joining the
components; the presence of these mechanisms imply that the externally
applied work required to detach part of the interface will be much larger
than the work required to break bonds (on a per unit area basis). However,
even in systems in which such dissipative mechanisms are absent, there can
be a large discrepancy between the macroscopically inferred interface energy
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and that associated with molecular-level debonding. In
purely elastic systems without material dissipation, friction
is an obvious source of dissipation that can dramatically
alter detachment forces. Here, we demonstrate this to be the
case in a ‘dry’ system (where no interfacial layer or adhesive
exists between the film and substrate), in which the interface
is bonded at the molecular level through relatively weak
hydrogen or dipole-related bonding.

The above comments highlight the importance of dis-
tinguishing between adhesion energies that reference
molecular-level debonding versus those that reference macro-
scopic behaviour, as the latter will be influenced by
dissipation. Regardless of the choice, weak bonding does not
mean ‘weak adhesion’ in the global sense. Here, we choose to
define the adhesion energy (7;) as the energy per unit surface
area required to separate a material interface at the molecular
level through purely normal separation. For van der Waals
interactions between an elastomer and glass, this adhesion
energy has been measured via Johnson-Kendall-Roberts
tests and pressurized blister (bulge) tests and is relatively low
(y: ~ 0.01 — 0.5 Jm™ ?) [12,13]. Nevertheless, pull-off forces in
elastomer structures can be quite high [14,15], especially
when forces tangential to the interface are applied [3]. This is
true even for materials with little to no viscoelastic or plastic dis-
sipative behaviour (such as poly(dimethylsiloxane) (PDMS), as
studied here under low strain rates), strongly suggesting that
frictional sliding at the interface is responsible.

The peel test is a common proxy for adhesion of geckos
[1-6] or mussel plaques [9]. Similar peel geometries have
been used to analyse gecko adhesion, for example, using
adhesive tapes [3] and setal arrays of live geckos [4], and it
has been postulated that both the geometry [3,4] and the
motion of the foot [2] impact the animal’s ability to cling.
The classic peeling model set forth by Kendall [16,17] (and
extended to large deformation by Molinari & Ravichandran
[18] and Kim & Aravas [19]) assumes pure sticking at the
interface and yields a very different angular dependence of
the critical peel force if a single value for the work of separ-
ation is used. Alternatively, one may define a mixed-mode
interface toughness that depends on the relative magnitu-
des of K (the stress intensity factor associated with normal
stresses at the interface) and Kj; (the stress intensity factor
associated with shear stresses at the interface). As is well
known from the thin-film literature, the relative magnitudes
of K; and Ky depend strongly on peel angle [20-22].

The importance of frictional sliding near the edge of a
bonded interface has long been appreciated by the compo-
sites [23] and coating communities [24]. In such systems,
which involve relatively stiff materials, frictional sliding
occurs over very small distances compared with the feature
dimensions; as such, the typical approach is to lump any
contribution of frictional dissipation into the mixed-mode
toughness. This approach becomes problematic when the
frictional sliding zone size becomes comparable to a feature
dimension (e.g. coating or lamina thickness), because it vio-
lates the presumption that the fracture process zone is
controlled entirely by asymptotic fields and that toughness
is independent of specimen geometry. While there have
been insightful computational studies on the role of frictional
sliding in altering crack-tip stress intensity factors [25,26], a
consistent theory that quantifies mixed-mode toughness in
terms of friction parameters is yet to emerge. This work is
entirely consistent with previous studies of mixed-mode

fracture, in the sense that it is recognized that friction will n

alter the conditions required to debond the interface. How-
ever, instead of implicitly lumping frictional dissipation
into the toughness (as is commonly done for stiff composites
and coatings), here, it is explicitly accounted for when com-
puting the driving force. The net result is that debonding is
predicted using a single interface toughness; a mixed-mode
toughness is not needed, since the frictional contribution to
debonding is accounted for in the driving force. As will be
demonstrated, consistency between the experiments and
Kendall-type models with mixed-mode interfacial toughness
can only be achieved by invoking an interface toughness that
depends strongly on film thickness and the inferred value of
opening mode stress intensity factor Kj, even when K; <0
(which implies contact occurs in the detached region just
ahead of the edge of detachment).

It should be noted that the peel test has been used exten-
sively to characterize adhesion in other systems [27-33],
and for the case of dry elastomer/substrate interfaces in
the adhesion of cling films [34,35]. Notably, examples
which touch upon similar phenomena focus on tapes
with additional adhesive layers or surface functionalization
designed to promote attachment [3,33,36—-40]. These works
are highlighted in the extensive literature on peeling because
of their focus on the role of interfacial slip during the peel
process and its contribution to apparent work of adhesion.
(Additional peeling references with an emphasis on delami-
nation mechanics are given in [41].) In many of these
studies, fluorescent beads are embedded in the tape or
adhesive layer, and interfacial slip is observed by tracking
individual beads dispersed in the film. In most cases, artifi-
cially ‘mobile” viscoelastic or liquid-like layers grafted on
the glass surface are used to induce observable slip displace-
ments. In a similar vein, Blum et al. [40] studied the peeling of
a commercial adhesive tape with an additional polymer film
between the tape and the substrate, and observed lower peel-
ing forces for polymer interlayers with higher segmental
mobilities. Thus, experimental studies of interfacial sliding
have been limited to peeling with viscous or viscoelastic
layers, presumably enhancing the effect of slip; here, the
focus is on the role of sliding in a dry elastic tape system.

2. Material and methods
2.1. Experimental and theoretical approach

In this work, we experimentally characterize peeling of a thin
elastomer (PDMS) film from a glass substrate, with the goal of
understanding the interplay between local adhesion energy
(defined for purely normal separation), interface sliding, and
the force to drive detachment. A schematic of these experiments
is shown in figure 1. An elastomer film (or tape) is attached to the
substrate only through van der Waals interactions; a clean dry
film is pressed into contact with a clean, dry glass slide. One
end of the tape is displaced at an angle 6 between the detached
portion and substrate, and the force F. is measured. The applied
displacement leads to peeling and stretching of the film in the
direction parallel to 6 and induces sliding in a portion of
the film that is adhered to the substrate. Here, we present exper-
imental evidence of small-scale slip in adhered films and its
implication on the evolution of peel forces, within a framework
that explicitly accounts for frictional sliding. We demonstrate
that the force required for peeling can be accurately predicted
as a function of peel angle using the local adhesion energy
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Figure 1. (a) Schematic of the peel test set-up. A speckled PDMS film is adhered to a glass slide with one end clamped to a load cell fixture. The load point is
moved via a linear stage at a constant angle (¢b); the film angle (6) changes as the test progresses. (b) Displacements in the adhered region of the film near the

crack front are measured via DIC. (Online version in colour.)

(i, controlling purely normal separation), using a peeling model
that accounts for frictional sliding in the adhered region.

2.2. Poly(dimethylsiloxane) films: fabrication and
characterization

PDMS films were prepared by spin-coating precursor solutions
from a commercial kit consisting of a base and curing agent (Dow
Corning Sylgard 184) mixed with a 10:1 ratio, respectively. Prior
to spin-coating, the mixed solutions were degassed in a vacuum
desiccator for approximately 30 min. Thicknesses of approximately
50 and 80 um were achieved by spin-coating the precursor on
Si substrates for 1 min at 1125 and 750 r.p.m., respectively. A film
thickness of approximately 125 um was achieved by layering
films spin-coated at 750 r.p.m. and 1500 r.p.m. Immediately prior
to spin-coating, a few drops of a release agent (Jersey-Cote, LabS-
cientific, Inc.) were applied to the Si substrate and spun at
3500 r.p.m. for 30s. After spin-coating, the PDMS films were
cured for 1h at 80°C. Film thicknesses were measured by optical
interferometry (Wyko NT1100, Veeco Instruments, Inc.).

As-cast films were transferred to glass substrates, cut to
25.4 mm strips, and speckled to allow for digital image corre-
lation (DIC) [42]. A high-contrast speckle pattern was applied
by brushing laser printer toner across the surface of PDMS
films with a foam applicator. Speckles were fused to the PDMS
film by placing the substrates onto a heated surface (120°C)
for 75 s. After heating, the films were allowed to cool to room
temperature and placed on borosilicate glass substrates pre-
viously cleaned with methanol. In all cases, the films were
transferred by peeling gently from the parent substrate with
tweezers, and laying on the test substrate slowly to avoid
pre-strain as well as ‘bubbles’ (localized unbonded areas).

The tensile response of the as-cast, heated and speckled-plus-
heated films was measured to illustrate the modest impact of the
toner patterning on the mechanical properties of the PDMS films;
details are provided in appendix A and data are provided in elec-
tronic supplementary material. The films are shown to exhibit
neo-Hookean response with a shear modulus of w = 0.5 MPa
(see table 2 in appendix A).

2.3. Peel tests

Peel testing was conducted at room temperature using the set-up
illustrated in figure 1. The detached end of the PDMS film
was clamped to a custom-made fixture attached to the load cell
(Futek FSH00103). A screw-driven linear stage with a step
size of 0.5 um (T-LSR150B, Zaber Technologies) was used to
pull the load cell fixture at a constant rate of 9 ums ™' or less,
and the load was recorded with a USB transceiver (Futek
FSHO03456). The stage’s angle relative to the substrate, ¢, is not
necessarily equal to the peeling angle at any instant: the offset
angle B is defined as: B= 6 — ¢; in the analysis that follows,
we assume steady-state peeling, in which case g~ 0. We also
assume that the film is thin enough (and the detached length
large enough) that the film may be treated as a membrane: for
example, it is shown in [43] that bending effects can lead to dis-
crepancies between the peel angle observed far from, versus
immediately adjacent to, the peel front. For the following analy-
sis, we assume that the film cannot support a bending moment
(although the implications of small-scale bending are discussed
in §4).

The location of the crack front is highlighted using the sha-
dowgraph technique [44] which is sensitive to the second
derivative (i.e. the Laplacian) of refractive index; strong contrast
is generated by the discontinuity at the peel front, as shown in
figure 1b. Plan-view images of the peel front- and side-view
images of the peel angle were collected simultaneously using
cameras with CCD resolution of 2048 x 2448 pixels (GRAS-
50S5M-C, Point Grey Research). Displacements in the attached
film were measured by applying DIC between plan-view
images of the speckled PDMS film in undeformed and deformed
states, using Vic-2D software.! At each angle measured, the
displacement field is calculated by comparing the deformed
image to the undeformed image in Vic-2D. Rigid body dis-
placements (e.g. due to small movements of the camera or
sample stage) were subtracted out of the extracted displace-
ment field. The average displacement as a function of
distance from the peel front in each image was analysed
using an in-house-written Mathematica® code. Displacements
were averaged along line scans, approximately 1 mm in
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Figure 2. Peel force versus peel angle for (a) 50, (b) 80 and (c) 125 p.m thick films. At angles approximately less than 30°, the data are in much better agreement
with predictions for the critical peeling force from the present ‘sliding’ model (solid and dashed black lines for the small and large deformation models, respectively)
as compared to Kendall's ‘sticking’ model coupled with a constant adhesion energy. In all cases, experimental error bars are smaller than the plotting points. The
toughness values shown correspond to least-squares fits of the data to the small deformation sliding model, for each film thickness. (Online version in colour.)

width, taken parallel to the crack front and extending through
the attached film.

3. Model
3.1. Peeling propagation for sliding and pure sticking

Recently, our group described a model for peeling assuming
slip occurs in the adhered region. Tension applied to the end
of the detached portion of the tape leads to peeling, stretching
and sliding in the adhered tape near the edge of attachment.
The model is for pure membrane behaviour (i.e. it neglects
bending, as in the Kendall model), allows for large defor-
mation, and it is assumed that the peel angle § matches the
angle of the applied force. (In the discussion that follows,
we validate that membrane solutions are applicable for the
dimensions tested here.) Steady-state peeling is assumed
when the energy released by peeling is equal to the work
of separation for purely normal displacements. As such, in
this analysis, any work done by friction is balanced by a cor-
responding increase in the work done by the applied load
and the shear sliding stress does not appear explicitly in the
following equations. The energy release rate G of a peeling
film undergoing frictional sliding, and assuming large
deformations, is given by [41]

Gs = g(/\D — Aa €08 0) + h(P(Aa) — Y(AD)), 3.1)

where F is the applied force, w and h are the undeformed film
width and thickness, respectively, Ap is the stretch of the
film in the detached region and A, is the axial stretch ratio
of the attached portion of the film at the edge of the attached
region (x = 0 in figure 1). The function iy describes the strain
energy density in the film as a function of stretch; for a neo-
Hookean material [45] subjected to plane strain conditions,
one obtains

W) = g ()\2 + % - 2), (3.2)

where, in general, A is the axial stretch ratio. This function can
be used to derive the force in the tape in terms of the stretch

ratio, using F = wh(0/0\). The two stretch ratios, A5 and Ap,
are then given by the solutions to

F = whpu <AD — /\%) and Fcos 6= whu (AA — /\%) (3.3)

D A

Equations (3.1) and (3.2) allow one to determine the critical
force for peeling as a function of peel angle, by solving for
F such that G, = v; equations (3.3) must be solved numeri-
cally to obtain the stretch ratios corresponding to a given
force. The results presented in figures 2 and 3 labelled
‘large deformation” were generated using this procedure and
the root-finding algorithms in Mathematica (see endnote 2).
The above predictions for sliding are to be contrasted
with those assuming pure sticking. In [41], we present the
corresponding large deformation result for pure sticking
(i.e. Kendall’s model but accounting for large deformation)

Gk = g()\D — cos 6) — h(Ap), (3.4)

which can be obtained from the general result by noting that
sticking implies A, =1 and (1) = 0.

Both the sliding model (equation (3.1)) and the sticking
(Kendall) model (equation (3.4)) can be simplified consi-
derably for small deformations. Making the substitution
A=1+ ¢, where ¢ is the strain in the film, and expanding
the result for ¢ <« 1, we find that the above sliding equations
reduce to [41]

- 1

_ 6 6
_ A 27 _ _
F. _sinﬂ(’/zrl + tan 5 tan2>, (3.5)

S

where Fy = F;/(Ewh) with E = 3 being Young’s modulus of
the film, and I} = v,;/(Eh). The analogous small deformation
result for the pure sticking model is obtained by normalizing
Kendall’s classic result in [17], where Fx = Fx/(Ewh)

_ N 0 0
FK:,/2r+4sin4§—2sinzE (3.6)

The small deformation results highlight a critical difference
between sliding and sticking assumptions; in the limit of 6 — 0,
and for a constant interface energy required for debonding,
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Figure 3. Energy release rate versus peel angle predicted from sticking and sliding models of peeling for (a,d) 50, (b,e) 80 and (¢,f ) 125 pm thick films. In (a—),
the energy release rate values predicted by sticking and sliding models diverge at intermediate angles (approx. 20°). (d—f) On a smaller scale, the energy release
rates predicted from large deformation (open symbols) and small deformation (filled symbols) sliding models, highlighting the similarity in calculated values at all

but the smallest peel angles. (Online version in colour.)

the critical force for peeling with pure sticking asymptotes to a
finite value (Fx — w-/2v,Eh). For the case in which the film
slides near the delamination front, F; — o0 as # — 0. In the slid-
ing approach, peeling is dictated only by the force normal to the
substrate, and as a result, larger peel forces are predicted as
the angle decreases.

3.2. Displacement distributions in the sticking portion
of the film

To aid in interpreting the DIC measurements, we present an
approximate model for the displacement of the surface of the
film in the sticking region in the adhered portion of the film;
discrepancies between the measured displacements and the
displacements arising from this sticking model yield insight
regarding the length-scale over which sliding occurs. For
the sticking model, we assume that the displacements in
the film in the adhered region are given by

u(x, y) = 2us(x) (y yz), (3.7)

h T on

where x is measured from the edge of the sticking region,
u4(x) is the displacement at the top surface of the film and y
is the distance from the interface to a point in the film,
as shown schematically in figure 1. Note that u(x,0) =0
is the displacement along the interface, as implied by
sticking. This produces a shear strain distribution in the
film given by

¥, ) = 24 (1-9). 3.8)

The shear strain is zero at the top surface of the film (because
there is no shear stress acting there), and the shear strain at
the interface is y; = 2ug(x)/h. The factor of two arises because
it is assumed that the shear strain varies linearly from the
interface to the surface; the average shear strain in the film is
(y(x)) = us(x)/h. The strain energy in the system, for plane
strain conditions and small deformations, is given by

L h E82 Eﬂyz
= Jo Uo <2(1 oy taay v)) dy] dx. 3.9)

For Poisson’s ratio v=1/2 and the displacements assumed

above, taking the first variation with displacement boundary
conditions imposed at x =0 and x = L yields

d’us  5ue

42 8m 0. (3.10)
The solution to the governing equation is then

us (%) = Ae ™, (3.11)

where ¥ = x/x, with x, = (\/% h, and A is a constant
determined from the boundary conditions at x =0, the
edge of the sticking portion of the interface. The key point
is that the surface displacements in regions with a non-sliding
interface can be expected to decay exponentially, with a
decay length that is dictated solely by the thickness of the
film. Deviations from this result near the edge of attachment
may be attributed to sliding and bending of the film, as will

be discussed in detail.
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4, Results and discussion

4.1. Peel tests and comparison of sliding and sticking
models

The peel force as a function of the peeling angle is shown in
figure 2 for (a) 50 (b) 80 and (c) 125 pm thick films. For each
film thickness, the data were collected from samples cut from
the same spin-coated film, and comprise at least four separate
tests. The data are fit to the sliding model assuming large
deformations (equations (3.1)— (3.3)) as well as the sliding
(equation (3.5)) and sticking (equation (3.6)) models assum-
ing small deformations; the fits are shown in figure 2 as
black dashed lines, black solid lines and red solid lines,
respectively. Interfacial toughness values of 0.40 +0.15
(0.40 + 0.15), 0.54 +0.14 (0.54 +0.14) and 0.63 +0.23
(0.62 + 0.22) Jm ™2 are estimated from least-squares fits to
the expression for the energy release rate determined from
the small (large) deformation model for 50, 80 and 125 pm
films, respectively, and represent the average and 2 s.d.
from the mean.

For all film thicknesses, the predicted peel force for slid-
ing and sticking models begins to diverge at intermediate
peel angles (20°), with better agreement to sliding models
at smaller peel angles. The interfacial toughnesses estimated
here are slightly higher than those reported for plain PDMS
on glass surfaces [12,13], possibly due to modification of
the composition of the PDMS film surface from the appli-
cation of speckles, which also results in an increase of the

elastic modulus (see appendix A). The scatter in the data
probably arises partly from the fact that the peel angle
evolves slightly throughout the test, indicating that a portion
of each test (which spans multiple peel angles) is not strictly
at steady state. This is a consequence of the fact that the tests
are conducted in displacement control. It is reasonable to
expect that intermittent stick—slip behaviour also influences
the scatter, although it must occur at length scales that are
not readily observable.

Figure 3 presents estimates of the energy release rate as a
function of peel angle for the small deformation sticking
model as well as the small and large deformation sliding
models for 50, 80 and 125 pm thick films, calculated for each
data point from equations (3.4) and (3.1). The energy release
rate predicted by fits of the data to the sliding model is rela-
tively insensitive to peel angle when compared with the
predictions from the sticking model, validating the sliding
model approach for this case. In particular, figure 3d—f illus-
trates the similarity in the values calculated between the
small and large deformation models at all but the smallest
peel angles. One possible source for the scatter seen in figure
3d-f for the sliding models may be stick—slip behaviour in
the debonding process zone, though the sliding zone is too
small to resolve via surface displacements, as described next.

Lateral surface displacements measured via DIC in the
attached region of the film are shown in figure 4a—c for 50,
80 and 125 pm thick films, respectively. The average lateral
displacement is computed from displacements measured
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across a line parallel to the crack front; error bars represent
the standard deviation of the mean at each lateral distance.
Image analysis was performed in the centre of the film;
rounded crack fronts (due to edge effects) were observed at
the outer boundaries of the film, but comprised less than
10% of the total film width. The lateral distance is measured
from the optical contrast line created by the edge of attach-
ment, seen clearly in figure 4d. In this case, the peel front is
moving to the right: the area to the right of the contrast line
is the region of the film attached to the substrate. This con-
trast line is also associated with the loss of correlation in
the DIC fitting process, represented by the blank regions in
figure 4¢; note that in addition to the region in the wake of
the crack (where the film is unattached and large out-of-
plane displacements occur), there are also small localized
regions ahead of the crack, in the attached portion of the
film, where DIC correlation fails.

The relatively large uncertainties in measured displace-
ment near the crack front in figure 4a—c result from this
incomplete image correlation near the discontinuity, prob-
ably due to out-of-plane motion in the unattached portions
of the film, as well as any bending that occurs in the attached
portion of the film near the edge of delamination. The solid
lines in figure 4a—c represent fits of the displacement to an
exponential of the form given in equation (3.11), using the
least-squares method, where u,(x) is the lateral displacement
as a function of distance from the crack front measured via
DIC, x, is the characteristic decay length of the displacement,
and A is a fitting constant. In each case, data associated with
the noise inherent to the DIC process and data in areas in
which DIC correlation failed (as discussed in §2) were
truncated. Therefore, the data used in the fit included only
those points between a distance of two film thicknesses
away from the peel front, and the far edge of the noise
floor (determined by average DIC displacements in stationary
portions of the film, measured a few millimetres away from
the peel front).

This characteristic decay length appears approximately con-
stant for a given film thickness across the range of peel angles
shown in figure 5 for 50, 80 and 125 pum thick films and appears
to scale with film thickness. In each case, x, is determined from
exponential fits described above, with error determined from a
weighted sum of squares, using standard deviation from the
mean of lateral displacements measured via DIC. The data are
in good agreement with the predicted characteristic decay dis-
tance for a fully-sticking film predicted by equation (3.11).
This predicted decay distance, x, = 1.26h, is shown by dashed
lines in figure 5, suggesting that the majority of the film is stick-
ing in the portion of the film modelled here (x > 2 h, as defined
in figure 1). This theoretical decay distance slightly underesti-
mates the data for the thinner films; this may be due to
intermittent sliding.

Together with measurements illustrating the divergence
of the peel force with decreasing peel angles and the agree-
ment of peel force with sliding model predictions, the DIC
results suggest that small-scale sliding occurs in the adhered
portion of the film adjacent to the peel front. DIC measure-
ments of the lateral surface displacements suggest that at
distances larger than approximately two film thicknesses
away from the crack front, the majority of the film is sticking
(although intermittent large-scale sliding may occur). It is
likely that most sliding occurs closer to the edge of delamina-
tion, within a distance of one or two film thicknesses, in a

200 T T T T T T

150

characteristic decay length x,, (Lm)

100 | ===========mmmmm oo oD
W g
LB v wte gy W
50 f - .
50 um
0 L L L L L L

6 8 10 12 14 16 18
peel angle 6 (°)

Figure 5. Measured displacements in the adhered region of the film near the
crack front as a function of peel angle and film thickness. The dashed lines
correspond to the predicted decay distance for a fully-sticking film, for each
film thickness.

regime not well-captured by two-dimensional DIC. The
details may be further complicated by bending effects not
captured by the tape model employed here. One avenue for
future work may be more detailed measurements via three-
dimensional DIC, capturing through-thickness displacements
closer to the interface.

4.2. Mixed-mode fracture analysis of the peel test

It is interesting to illustrate the implications of the above
experiments in the context of a mixed-mode interface fracture
framework [20]. As elucidated by Hutchinson & Suo [46], the
mode-I and mode-II stress intensity factors for a thin film
debonding from an effectively infinite, rigid substrate may

be given by
P 6M, .
K= 7Ecosw+%smw
v (4.1)
and Ky=— Esin w— h3—/zgcos w,

where P is the axial force resultant, M, is the moment resultant
acting at the crack tip and w is a so-called phase factor that
depends on elastic mismatch «. (For this case, with a =—1,
o = /4. Note that the sign in front of P in the above is the
opposite of that used in the definition of Hutchinson & Suo
[46], since the peel force acts in the direction opposite to
their definition of a positive axial force resultant.)

The moment acting at the crack tip for the peel test can be
determined as a function of peel force in the limit that the
length of the detached segment of tape is semi-infinite
[22,47]. To verify that this limit is appropriate for an exper-
iment with a finite length of detached film, one can solve
for the deflection of a finite detached length of film using
moderate rotation plate theory, which is valid for peel
angles less than 30° [48]. The relevant results are

12P12
Ebh?

M, = \/ﬁﬂtanh{ 4.2)
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Figure 6. Mixed-mode fracture analysis of peeling. (@) Mode-I and mode-II stress intensity factors calculated from equations (4.1) with experimental peel forces, as
a function of peel angle. (b) Phase angle as a function of peel angle and (c) apparent interface toughness as a function of phase angle. The symbols represent values
calculated in a domain allowing —180° << ¢y << —90°, whereas the dashed lines correspond to the convention of defining ¢» = —90° when K < 0.

and

P2 1p ,| [12P12
G= ST +§Et‘)2tanh [ | 4.3)

where b is the width of the tape, L is the length of the detached
portion of the tape and I = bh®/12. Noting that the limg .
tanh B=1 and that sinf, ~ 6, (as required for moderate
rotation theory), we can see that these results are identical to
previous ones [22,47] for the crack-tip moment and the
Kendall energy release rate, in the limit of an infinitely long
film. The peel forces and dimensions in this experiment
(where L =~ 10 mm) indicate that the tanh term is indeed effec-
tively unity for the cases considered here. Hence, for all intents
and purposes, the detached films in these experiments are
effectively semi-infinite and membrane theory is applicable.

Using these definitions, we can compute the mode-I and
mode-II stress intensity factors in the peel test, as shown in
figure 6a: here, the experimentally measured values of peel
force are used with equations (4.1). Note that K; becomes nega-
tive for peel angles less than 6 ~ 20°. (This is consistent with a
theoretical case study by Thouless & Yang [21].) The corre-
sponding phase angles are shown in figure 6b as a function
of peel angle. Here, two definitions of phase angle are adopted:
in the first (indicated with a dashed line), regions with K; < 0
are defined to have ) = —90° as has been suggested elsewhere
[20,21], motivated by the fact that the crack will be closed in the
region dominated by the elastic singularity. In the second, the
inverse tangent function is defined to account for the quadrant
in which Kjand K, fall, such that K; < 0 and Kj; < 0 correspond
to —180° < ¢y <—90°. Figure 6c plots the interface toughness
inferred via the Kendall result as a function of phase angle,
i.e. the mixed-mode interface toughness relationship, for both
of these phase angle definitions.

The results clearly demonstrate that regions with K; <0
correspond to large values of interface toughness, as inferred
from the Kendall approach that assumes that all work dissi-
pated in the debonding process zone can be lumped into the
interface toughness. Of course, K; < 0 implies that the region
immediately adjacent to the crack tip is closed; when frictional
sliding dominates dissipative mechanisms, it seems obvious
that more negative K; values will imply greater macroscopic
toughness, since a larger region ahead of the nominal crack

tip experiences sliding and therefore the amount of dissipated
energy increases. It is clear from figure 6¢ that simply truncat-
ing the phase angle at y=—90° for all cases with K; <0 is
problematic, as one would obtain a multi-valued interface
toughness for scenarios defined as “pure mode-II".

While one might be tempted to simply extend the range of
permissible phase angles to include regions with negative K,
doing so likely undermines the presumption that the mixed-
mode interface toughness is independent of specimen geometry.
The size of the frictional sliding zone (and hence energy dissi-
pated) will depend not only on Kj, but also on the nature of
the transition from asymptotic displacements to the far field dis-
placements (e.g. the detached film displacements), which will
generally be dependent on specimen geometry. (Consider a
bilateral strip loaded with normal and tangential far field displa-
cements, as described by Liechti & Chai [49]. For this geometry,
K; < 0 likely implies far greater sliding zones, including the
possibility that the entire interface is closed.)

Thus, it is unlikely that the toughness-phase angle relation-
ship, regardless of how it is defined, is generally applicable to
other geometries with frictional sliding, although it may be
practically useful for geometries that are similar. It is worth
noting that even for interfaces where plastic deformation dom-
inates, the universality of a mixed-mode toughness has yet to
be fully validated with multiple specimen types (as has been
done for conventional fracture). This is no doubt a result of
the fact that preparing different specimens with identical
materials and interfaces, and conducting mixed-mode fracture
tests over a broad range of phase angles, is an extremely
daunting experimental challenge.

5. Concluding remarks

In this work, we present evidence of frictional sliding in elasto-
mer films during the peeling process. These results suggest that
frictional sliding may be an important dissipative mechanism
in biological and technological systems in which strong
adhesion is observed in otherwise ‘weakly bonded” systems.
Using DIC, we are able to observe surface displacements
during the peel process which suggest that sliding is likely con-
fined to a region within two film thicknesses of the peel front.
Despite the apparently narrow sliding ‘window’, measure-
ments of forces required for peeling across a broad range of
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angles validate a model for the peeling process in which fric-
tional sliding is explicitly accounted for when computing the
energy release rate, as opposed to the classical “pure sticking’
models by Kendall.

Using a mixed-mode fracture framework, we illustrate that
the presence of frictional sliding over length scales comparable
to the film thickness raises questions about the efficacy of
using a mixed-mode fracture toughness. The toughness is
shown to be dependent on the magnitude of Kj, as opposed to
simply the energy release rate and phase angle. This indicates
that the present peeling process is analogous to large-scale yield-
ing, in that the fracture (detachment) process is not controlled by
asymptotic crack-tip fields. The concept of a mixed-mode frac-
ture toughness approach is predicated on the assumption that
K; and Kj are sufficient to characterize the behaviour in the
fracture process zone. Indeed, the asymptotic fields described
by K; and Kj; will control the behaviour of the fracture process
zone when it is small in comparison to feature dimensions (coat-
ing or lamina thickness). However, when sliding occurs over
large length scales, the fracture process zone is influenced by
behaviours outside the regions of K; and Ky dominance, and
the toughness becomes specimen-dependent. This is the case
in these experiments; one does not obtain a constant toughness
for cases with negative Kj, which is commonly defined as having
a constant phase angle (—90°). While the sliding zone in these
experiments is small in comparison to the detached tape
length, it is comparable to the tape thickness; this implies that
sliding behaviours will significantly influence the deformation
over length scales much larger than those controlled by the
asymptotic fields defined by K; and K.
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Appendix A. Modulus measurements of speckled

poly(dimethylsiloxane)

As the elastic properties of PDMS films can vary widely
depending on composition, curing schedule and precursor
mixing ratios, the moduli of the films used here were measured
directly. DIC allows for the measurement of shear modulus of
speckled films but not unpatterned plain PDMS films. How-
ever, the effect of the speckles (either the heating process or
the toner itself) on the film is unknown. To validate the DIC
method and determine what effect the speckles have on the
PDMS film modulus, blister tests [13] were conducted on as-
cast, heated and speckled-plus-heated films to independently
measure Young’s modulus (E). Modified films were then ten-
sile tested in the DIC set-up. Speckled films were cut into
narrow strips (aspect ratio > 5) and pulled in the peel tester
described above at a strain rate of less than 10> with peel
angle of zero degrees (i.e. no peeling) while imaging for DIC
and the subsequent computation of strains.

We find that for the speckled PDMS films, a neo-Hookean
constitutive law captures the behaviour for the regimes

0.35

0.30

0.25

nominal stress (MPa)
=
[\e)
S

0 0.05 0.10 0.15 0.20 0.25
nominal strain, 1/3 (4, —/11’2)

Figure 7. The uniaxial response of a speckled PDMS film is well characterized
by a neo-Hookean constitutive law. (Online version in colour.)

Table 1. Effect of speckle application on modulus. Young's modulus £ for a
157 m thick PDMS in as-cast, heated and speckled-plus-heated states, as
measured by DIC and validated by blister tests.

Epjister (MPa) Epic (MPa)®

as-cast 0.98 n/a
heated 0.99 n/a
speckled-plus-heated 1.46 1.50

®Young’s modulus calculated assuming incompressibility by measuring the
shear modulus, w, with DIC.

Table 2. Film properties. (Shear modulus w for the films used in the peel
tests, as measured by DIC))

film thickness (pm)  (MPa)
53 0.464
123 0.498

studied here, as shown in figure 7 for uniaxial tension. The
uniaxial response of such a material is

h=u(n- )
1=pl M =3,
A

where the nominal stress in the film, t;, (measured directly as
force divided by original cross-sectional area) is a function of
the shear modulus p and the axial stretch ratio, A; (computed
with DIC). With the assumption of incompressibility (implicit
in equation (A 1)), the measured moduli are in good agree-
ment with solutions to the blister test [13], as shown in
table 1. Thus, the addition of the speckles causes an increase

(A1)

in the modulus that is not attributable to annealing during
the fusion of the toner to the PDMS film. To account for
the effect of the speckles (and that of any variations in speckle
density), the modulus of each film was measured and input
into the peeling calculations (table 2).
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