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Abstract

A computational modeling technique for fracture propagation in viscoelastic materials using cohesive elements for
the zone ahead of the crack tip is presented. The computational technique is used to study the problem of increase in
fracture energy with peel velocity in peel testing of polymers. A rate-independent phenomenological cohesive zone
model is used to model the intrinsic fracture toughness of the interface between the polymer sheets. A dimensional
analysis reveals that the macroscopic fracture energy scales with the intrinsic fracture toughness and is a function of
peel velocity, and parameters such as the thickness, bulk properties of the polymer sheets, and other cohesive zone
properties. The growth of fracture energy as a function of the peel velocity has been studied for polymer sheets
characterized by a standard linear viscoelastic solid. Viscoelastic losses in the peel arm vanish in the limits of very slow
and rapid peeling. Peak dissipation is obtained at an intermediate velocity, which is related to the characteristic
relaxation time and thickness. This behavior is interpreted in terms of the size of elastic and viscous zones near the
crack tip. It is found that the total energy dissipated is dependent upon both the intrinsic fracture toughness and the
characteristic opening displacement of the cohesive zone model. The computational framework has been used to model
experimental data on peeling of Butadiene rubbers. It is found that the usual interpretation of these data, that the
macroscopic dissipation equals the rate-independent intrinsic toughness multiplied by a factor that depends on rate of
loading, leads to a large quantitative discrepancy between theory and experiment. It is proposed that a model based on
a rate-dependent cohesive law be used to model these peel tests. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of polymers in structural design requires an understanding of the conditions that lead to their
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failure by initiation and growth of cracks over time. For deformations over a range of temperatures
above the glass transition temperature, the mechanical behavior of amorphous polymers can often be
characterized using viscoelastic theories. Several researchers have contributed to the present day
knowledge of fracture initiation and propagation in viscoelastic materials. Williams (1963), Knauss
(1973), and Schapery (1975) developed theories for macroscopic cracks propagating in a linear
viscoelastic continuum. These are based on the presence of a cohesive zone near the crack tip that is a
continuum representation of material degradation and failure at a microscopic level by one of many
possible mechanisms. Such cohesive zone models were originally proposed by Dugdale (1960) and
Barenblatt (1962) for fracture in rate-insensitive materials. Williams (1963) derived the conditions for
crack initiation in a linear Voigt solid based on the assumption of an average critical strain in the
material at the crack tip. It was assumed that the stress ahead of the crack tip reaches a constant peak
value over a certain length and that the crack initiates once the strain in this region reaches a critical
value. Knauss (1973) developed a theory for constant rates of crack propagation in a linear viscoelastic
material. The stress transmitted within the cohesive zone was approximated by a rate-independent
bilinear cohesive stress-opening displacement relationship. Two possible criteria, one based on an
ultimate crack opening displacement, and another based on critical energy were proposed for crack
propagation in the macroscopic viscoelastic continuum. Schapery (1975) developed a similar theory for
transient crack propagation in a linear isotropic viscoelastic medium. No explicit assumptions about the
stress-opening displacement relationship that characterizes the cohesive zone were made. An energy
based crack propagation criterion was proposed, and the theory is applicable to both constant and
varying crack propagation velocities of the crack tip.

It has been recognized that, depending on the physical nature of the fracture process, the stress that
the crack tip-specific cohesive zone carries may be rate-dependent (Hui et al., 1992; Knauss, 1993).
However, in most early works, a rate-independent cohesive zone representing the intrinsic work of
fracture has been used satisfactorily to model experimental data. Moreover, it has been argued that the
intrinsic fracture toughness of rubbers is rate-independent and on the order of 20-50 J/m? (Lake and
Thomas, 1967), and that the difference between measured and intrinsic fracture toughness can be
attributed to viscoelastic losses in the bulk (Kinloch, 1987; Gent, 1996).

In recent studies on viscoelastic fracture Knauss and Losi (1993), instead of specifying an explicit
function for the cohesive stresses, use a nonlinear viscoelastic material model for the cohesive zone. In
the limit of small strains the nonlinear viscoelastic model is identical to the linear viscoelastic model
used to describe the bulk. De Gennes (1996, 1997) presented a theoretical picture of various zones near
a crack tip propagating in a weakly cross-linked viscoelastic solid. The concept of a ‘viscoelastic
trumpet’, which represents the various zones around a propagating crack tip, was introduced to explain
the scaling and growth in the fracture energy with crack velocity. Fig. 1 depicts the viscoelastic trumpet
comprising of three distinct zones along with the cohesive zone at the propagating crack tip. In an
infinite specimen, these three zones are: (1) the unrelaxed zone characterized by the small time modulus
of the material, Gy; (2) a surrounding viscous dissipation zone which contributes to the bulk dissipation
in the material; and (3) an exterior zone that is fully relaxed characterized by the long time modulus,
Goo. For a crack propagating in an infinite viscoelastic medium it is shown that the macroscopic fracture
energy scales with the intrinsic cohesive energy, consistent with most previous theoretical and
experimental work. The size of the viscous dissipation zone, and thus the volume of the material in the
viscous dissipation zone, grows with increasing crack velocity. For a crack propagating in a finite
viscoelastic specimen the size of the viscous dissipation zone is limited by the specimen thickness. Then,
fracture energy increases with increasing velocity, attains a peak, and decreases for further increase in
velocity. Hui et al. (1992) studied crack propagation along the interface of two semi-infinite polymer
sheets. Using small scale yielding assumptions, and a linear solid viscoelastic model for the bulk, they
found that the macroscopic fracture toughness scales with the intrinsic fracture toughness of the
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Fig. 1. Schematic drawing depicting different zones around a crack propagating with velocity, V, in a viscoelastic material with
A= G/Go and a characteristic relaxation time, t (de Gennes, 1996; Hui et al., 1992).

interface. It grows without bound with increasing crack propagation velocity. Xu et al. (1992) have
extended this analysis to study a steadily moving crack along the interface between two finite-size
polymer specimens. They find that with increasing velocity the macroscopic fracture energy grows to a
peak, and subsequently falls back to the intrinsic fracture energy of the interface as predicted by De
Gennes (1996, 1997).

The inclusion of a cohesive zone introduces a length scale even for crack propagation in an infinite
specimen. As a consequence, it is not necessary that all three of de Gennes’ regions exist; at slow rates
the glassy and viscous regions may be smaller than the cohesive zone. This fact leads to a seeming
discrepancy between the cohesive zone and energy flux approach to fracture of viscoelastic materials, as
pointed out by Rice (1978). As is well known (Rice, 1978; Lawn, 1993), the cohesive zone and critical
energy release rate models for crack propagation are fully consistent for elastic—brittle materials if the
size of the cohesive zone, L, is much smaller than the crack length, a, or any other characteristic
dimension in the problem. However, Rice (1978) has shown that there is an inconsistency between the
sharp, featureless view of the crack tip and one based on a cohesive zone of finite dimensions, in the
limit of small crack velocities. This is when the glassy and viscous regions become smaller than the
cohesive zone size. Hence, a successful continuum model for crack growth in viscoelastic materials
requires some coupling of the fracture process occurring in the finite size cohesive zone and the bulk
deformation.

In this paper we develop a computational framework using cohesive zone models for fracture in
viscoelastic materials. We use it to study a model problem of peel testing of polymer adhesives. A study
of peel testing is important in its own right as it is a well-established experimental test used to
characterize the strength of adhesives. Macroscopic fracture energy in a peel test, measured by the peel
force, combines the intrinsic interfacial fracture energy and viscous dissipation in the peel arm. Several
investigators (Gent and Petrich, 1969; Andrews and Kinloch, 1973; Ahagon and Gent, 1975; Gent and
Hamed, 1977; Chang and Gent, 1981; Gent and Lai, 1994; Gent, 1996) have studied experimentally the
effect of peeling rate on the measured peel strength of viscoelastic polymer adhesives. For a fixed failure
mode, peel energy typically increases with rate of peeling, v, and can vary by more than three orders of
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magnitude. At low velocities and high temperatures, it approaches a lower limit asymptotically; this is
usually identified as the intrinsic toughness of the interface. The experimentally measured fracture
toughness, I', is found to be described well by an empirical relation of the form

I'=To[1 + flagv, Tr)] (1

where I'y is the intrinsic fracture energy of the interface, ar is the WLF (Williams, Landel, Ferry) shift
function for a polymer (Ferry, 1980), and 7; is a reference temperature. In the peeling of polymer
adhesives from stiff substrates one often finds a transition from cohesive to adhesive failure
accompanied by a sudden decrease in peel energy (Gent and Petrich 1969; Derail et al., 1997). The
function f(arv, T;) in eqn (1) represents the irreversible viscous energy dissipated in the peel arm as a
function of reduced rate of peeling, arv. Peel fracture energies exhibit time—temperature superposition
characteristic of viscoelastic processes. The values of I’y are estimated by performing the peel
experiments at low rates and high temperatures, conditions under which viscoelastic dissipation is
minimal. The values of Iy so estimated range from 10 to 50 J/m>. That these values are large compared
to surface energy due to breakage of primary bonds (&2 J/m?) has been explained by a model which
assumes that all the stored elastic energy between cross-links is lost in the fracture process (Lake and
Thomas, 1967). The intrinsic fracture energy, I'y, is usually interpreted as a rate-independent number
representative of bond strength. A rate-dependent intrinsic cohesive zone can equally well satisfy the
form eqn (1), as long as its parameters obey time—temperature superposition (Xu et al., 1992).

Several analyses of viscoelastic peel and related tests have been performed. The studies of Kendall
(1972), Aravas et al. (1989), and Loukis and Aravas (1991) assume the peel shape at steady state in the
form of a root angle as it joins the substrate. The fracture energy is computed from the evaluated peel
shape for a given root angle using beam theory. The total dissipation in the analysis is assumed to be
equal to the sum of the intrinsic strength of the interface, I'y, and viscous dissipation in the peel arm.
Although this additive decoupling does not preclude a dependence of viscous dissipation on Iy, it does
hide the generally accepted multiplicative coupling between intrinsic and macroscopic fracture energy for
viscoelastic fracture. A similar analysis for peeling of elastic—plastic materials has been performed by
Kinloch et al. (1994). Analyses of related tests that include a cohesive zone have been presented recently
by Xu et al. (1992), Knauss (1993), and Knauss and Losi (1993). There appear to be no computational
analyses of the peel test for viscoelastic materials in the literature that include a cohesive zone as part of
the model.

In this paper we present the development of a computational methodology within an implicit finite
element framework to model crack propagation in viscoelastic materials accounting for the cohesive
zone that represents the fracture process at the crack tip. Specifically, we seek to explore, using this
computational framework, the relationship between macroscopic and intrinsic fracture energy, and the
effect of cohesive zone parameters on these predictions. The numerical modeling of the cohesive zone is
based on the use of cohesive elements. The computational model is used to analyze a model peel test of
a standard linear viscoelastic solid. The effect on the predicted fracture toughness of the various
parameters characterizing the cohesive zone model is investigated. Finally we model the experimental
peel test of Gent (1996) on Butadiene rubbers using their measured viscoelastic properties and intrinsic
fracture toughness.

2. Computational model formulation

The computational model consists of the bulk material modeled as a continuum along with a cohesive
zone for the fracture process at the crack tip. The bulk material is modeled using standard
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displacement-based finite elements, and the cohesive zone is modeled using cohesive elements. The
cohesive element approach employed here is similar to that used by Needleman (1990), Tvergaard and
Hutchinson (1992), Xu and Needleman (1994), and Camacho and Ortiz (1996) for studying fracture in
elastic—plastic and brittle solids. Similar elements have been used to model fracture in concrete by Bocca
et al. (1991), Gerstle and Xie (1992), and Bazant and Planas (1998).

The principle of virtual work for the bulk material and cohesive zone is given as

1
J a:5ddV+J T-éA—dS—J F.ovd4=0 )
Vv N J A

where: ¢ is the Cauchy stress tensor; od is the virtual rate of deformation tensor; T is the vector of
cohesive tractions; A is the vector of displacement jumps across the cohesive surfaces; F is the vector of
externally applied tractions; Jv is the vector of the virtual velocity field; V' is the current volume of the
bulk material; S is the current internal surface area over which the cohesive forces are acting; A is the
current external surface area over which the external tractions are applied; J is the Jacobian of the
transformation between the current deformed and original undeformed areas of the cohesive surfaces.
The surface area over which the virtual work of the cohesive tractions is integrated corresponds to the
original undeformed area, S°, not the current area, S, as represented by the deformed cohesive element.
The latter would be customary in an updated Lagrangian finite element framework. By evaluating the
virtual work integral over the initial unstretched configuration of the cohesive element, we ensure that
the work of separation associated with this unit area is independent of the in-plane stretch of the
element. This is appropriate for modeling fracture in solids for which it may be assumed that the
number of bonds broken are fixed per unit undeformed area, S°, of crack surface formed (Lake and
Thomas, 1967). For liquids, it would be more appropriate to define fracture energy based on current
area.

An implicit finite element solution for the unknown displacement configuration for a given set of
loads requires the evaluation of the first variation of the virtual work equation. This results in the
tangent stiffness matrix needed for Newton—Raphson iterations. The implementation of cohesive
elements then requires the evaluation of the first variation for the second term of eqn (2). This virtual
work of the cohesive forces is given as

. . 1
W, = J (5AnTy + 5AKTI)‘—,dS 3)

s

where T, and T, are the normal and tangential tractions respectively, and dA, and SA, are the normal
and tangential jump velocities across the cohesive zone surface. Substituting the virtual jump velocities
in terms of the cohesive element nodal shape functions and the nodal virtual jump velocities, the
discretized virtual work in the current configuration, 6 W, is obtained as

W = J (54 INTT, + 6A INTT:) %dS “

where the bar denotes cohesive element nodal values, the superscript T denotes a transpose operation,
and N is the vector of cohesive element nodal shape functions. The form of eqn (4) ensures that the
virtual work so integrated can be used with bulk finite elements that are formulated using an updated
Lagrangian formulation. The first variation of the virtual work, d6 W, is given as

- K = 1 = = 1
oW, = J (5A§NT dT, + SANT th)de + J (MgNTTn + (SAlTNTT[)d<j>dS 6))
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where dT;, dT; are the incremental normal and tangential tractions, respectively. In eqn (5) the second

term accounts for the stretching of the cohesive element. For small stretching of the cohesive element
this term is negligible and the first variation of the virtual work can be approximated as

dsW e~ J (M'INT dT, + 0ATNT th) %dS (6)

which is the form we use. Incremental tractions are related to incremental jump velocities by the
cohesive material Jacobian, [C], as

a7, | _ dA,
{th = [C]{dAt (7)
T, 9T, ]
A, OA
Cl= 8
[C] 0T, a7, (3
| 0A,  9A |

Substituting the incremental tractions in terms of the incremental jump velocities from eqn (7) into eqn
(6), and writing the incremental jump velocities in terms of the incremental cohesive element nodal
velocities, the tangent stiffness matrix takes the form

_arr 1
Kr = L[A] [C][A]JdS ©)

where [4] is the matrix of cohesive element nodal shape functions that relates the nodal velocities to the
velocities of the displacement jumps within the cohesive element. The stiffness matrix implemented using
eqn (9) gives an approximate tangent for Newton—Raphson iterations. However, no approximation is
made in computing tractions, and hence equilibrium is ensured upon convergence.

The constitutive law for an isotropic viscoelastic bulk material for small strains and rotations is given
by the hereditary integral

a(t) —Uo(l)-l-J <G(Z/)So( — /)+IK[(< )

polt — 1 ))dz (10)

where ¢ is the current time; Gy and Kj are instantaneous small strain shear and bulk moduli respectively;
So and po are the deviatoric and hydrostatic components, respectively, of the instantaneous Cauchy
stress, gg; and I is the second order identity tensor. A superposed dot implies differentiation with respect
to time. A generalization of the above hereditary integral for the deformation state of a material point
in a peel test characterized by small strains and large rotations is given as

G(t)
Go

so(z—r)+1K](<)

a(t) = oo(t) + “; RI(t—1")- ( polt — ¢ )) ‘Rt — t’)d[':| (11)

where R(z —¢’) is the material point rotation tensor that rotates the configuration at time ¢’ to the
configuration at current time 7. This generalization can be interpreted as rotating the stress at some
previous time (¢ — t), into the current configuration of the material point at time, #, in order to satisfy
the principle of objectivity of stress. For a situation characterized by large strains and large rotations the
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deformation gradient, F(z — ¢"), is used in place of R(z — t'). For the deformation state of the material
in a peel test we have F ~ R (Ogden, 1984).

For computational convenience, the bulk relaxation modulus, K(7), and shear relaxation modulus,
G(t), are represented by a generalized Maxwell series as

K(t):Koo+XK:K[exp<—T%) G(t):GOO+ZGG[eXp<—TLG> (12)

i=1 i=1 i

where K, and G4, are long term bulk and shear moduli, respectively. The material is assumed to have
different relaxation times, t& and <7, for bulk and shear relaxation, respectively, and the corresponding
bulk and shear moduli are given as K; and G;. The number of generalized series terms ng and ng, for
bulk and shear behavior, respectively, need not be the same.

The phenomenological cohesive law of Xu and Needleman (1994) has been used to represent the
intrinsic fracture zone. It is rate-independent and relates the tractions acting across cohesive surfaces to
their respective displacement jumps using a potential function, ¢. It has been pointed out that the
detailed shape of the cohesive law is relatively unimportant (Knauss, 1973; Rice, 1978). The two
independent parameters that characterize the cohesive law are important: Iy and J., the energy of
separation per unit area and a characteristic opening displacement. The potential function for the Xu
and Needleman (1994) potential is given as

Ay A1 — —q\ Ay A?
¢<AH,AI)=¢H+¢nexp(—5)Hl—r+5},,_f—[q+(;_‘{)5 }p(—éz)} (13)

where 0, and J; are the critical normal and tangential openings, respectively, of the cohesive zone.
Normal and tangential forces in the cohesive zone decrease in magnitude once the corresponding normal
and tangential relative displacements exceed these critical values. ¢, and ¢, are the works or fracture
energies of normal and tangential separation, and the parameters ¢ and r are given as

:ﬂ }":A—:
¢n’ 5n

where A} is the value of A, after complete shear separation for 7, =0. Tractions are derived from the
potential function, ¢, as

_3¢
oA,

q (14)

39

T, = —
" A,

T, = (15)
This potential-based model allows for different normal and tangential works of separation. The ability
to derive tractions using eqn (15) allows for a continuous specification of tractions along the cohesive
zone. The material Jacobian of the cohesive elements as given by eqn (8), which is required in the
formulation of the tangent stiffness matrix for these elements, can be derived by differentiating the
tractions given by eqn (15) with respect to the normal and tangential openings. The material Jacobian
so obtained is a smooth and continuous function of the openings, a highly desirable feature for
Newton—Raphson iterations in an implicit finite element framework.

The normal fracture energy, ¢,, and the tangential fracture energy, ¢,, can be written in terms of the
cohesive surface normal strength, o,,,x, and tangential strength, 7,,.x, as

$n = €OmaxOn, ¢t = \/grmaxél (16)
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where e=exp(1). In all analyses presented here we assume that the cohesive zone has identical normal
and tangential fracture energies, and identical normal and tangential critical opening displacements.
Thus: ¢, = ¢ = I'p;0n = 6 = 0u; ¢ =1. The value of r in eqn (14), is taken as zero. For these
parameters the potential simplifies to

Ay An A}
o(Ay, At):F0|:l - <1+5cr) exp(—(scr> exp(—(sgr>:| (17)

The above computational model formulation for cohesive elements has been implemented as a family
of 2D and 3D cohesive elements for use with implicit static and implicit dynamic procedures in the
general-purpose finite element code ABAQUS" (1997) using the user defined routines. The cohesive zone
model implementation is independent of the kinematics of the cohesive elements. Hence any other
cohesive zone model implemented in this library is available to all of the 2D and 3D cohesive elements
for use with static and dynamic procedures. This element library can be used to study fracture initiation
and propagation along with various bulk finite elements using different material models.

3. Verification of the computational framework
3.1. Elastic double cantilever problem

The problem of a crack propagating along an elastic double cantilever beam (DCB) as shown in Fig.
2 is used to verify the cohesive element implementation. A two-dimensional plane strain large
deformation analysis is performed. Due to symmetry about the x-axis, only one half of the double
cantilever is modeled. A schematic of the finite element mesh used in the DCB analysis is shown in Fig.
3. The spring and beam element shown in the Figure are not used in the DCB analysis and are used in
the peel analysis described later. The cantilever beam is modeled with four-node bulk plane-strain
elements with incompatible mode shape functions that help alleviate mesh locking in bending. The crack
grows and propagates along the x-axis to the right, and cohesive elements are placed along the x-axis to
model this crack growth. Linear, four-node, cohesive elements are used in the analysis. The cohesive
elements have a top and a bottom face with two nodes on each face. The top faces of the cohesive
elements are attached to the adjacent bulk plane strain elements. In the undeformed configuration the
top and bottom faces of the cohesive elements, as well as the corresponding nodes, are coincident. As
the load is applied, the bulk elements deform and thereby pull the top face of the cohesive elements
away from the bottom face.

Symmetry boundary conditions are specified by constraining displacement in the y-direction and
tractions along x-direction to be zero for all the nodes on the bottom face of the cohesive elements
along the x-axis. The nodes on the top face of the cohesive elements are constrained to have the same
displacement in the x-direction as the corresponding nodes on the bottom face. Nodes on the face at

Y

25 L !

—>

C

Fig. 2. Crack in an elastic double cantilever beam (DCB).
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Fig. 3. Schematic drawing of the finite element mesh for DCB, and elastic and viscoelastic peel analyses.

x=L are constrained to have displacement u, = 0. Loading consists of an applied displacement, J, to
the node located at x = 0, y = 0. A uniform mesh with each cohesive element of size Ay, Fig. 3, has
been used in the analysis. The material is characterized by the parameters: Young’s modulus, £ = 100
GPa; Poisson ratio, v = 0.25. Cohesive zone properties are: fracture energy I'p = ¢, = ¢, = 1.0 x 10° J/
m?; critical opening displacements, 0 = 0, = 6, = 1.0 x 1072 m. The length (L) and thickness (%), Fig.
3, of the beam modeled in this analysis are 100.0 m, and 1.0 m, respectively. A normalized cohesive
element size, Ay/d, = 12.5, has been used. The crack tip is defined as the location along the x-axis
where the normal opening in the cohesive elements equals the critical opening displacement, J.,. Cracks
in the DCB specimen grow stably under the above boundary and loading conditions, which allows a
quasi-static analysis. A plot of the calculated crack length, ¢, normalized with the peel thickness, A,
versus the normalized crack opening displacement, 6/J.;, along with the analytical relation for the crack
length and crack opening displacement (Lawn, 1993) is shown in Fig. 4. The cohesive element results are
in good agreement with analytical predictions based on linear elastic fracture mechanics (LEFM) theory.
The DCB figure shown in Fig. 2 is the actual deformed shape plot of the model analyzed.

35
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20 |
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5L ®  Cohesive Element Results

Normalized Crack Length, c/h

P R | 1 L 1 A

0 50 100 150 200 250 300 350

Normalized Crack Opening, &/5_,

Fig. 4. Comparison between analytical and computational results for crack propagation in an elastic DCB specimen.
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4. Peel analysis

Consider a peel test as shown in Fig. 5. The fracture toughness of the interface, Iy, energy dissipation
in the peel arm, and external work are related by an energy balance for the entire system (Kinloch,
1987). For an incremental crack advance, dx, the external work done by the loading, (1—cos ¢)F dx,
equals the sum of the change in elastic energy stored in the peel arms, dI¢, the work expended as
dissipation in the peel arms, dWY, and the energy spent in interface separation, I'yw dx, i.e.,

(1 — cos p)Fdx =dW*+dW" +T'ywdx (18)

The term dWW ¢ is commonly neglected since during experiments steady state peeling is obtained with the
aid of a stiff backing material attached to the polymer. Written in this form, eqn (18) suggests that the
terms dW" and Iy are uncoupled, and have been treated as such in several analyses discussed in the
Introduction.

If a steady state exists, there is no change in the shape of the peel arms in an incremental sense. When
there is no change in the elastic strain energy, dW ¢, the work done by the external loads on the system
is the experimentally measured fracture energy, I, i.e.,

1 1
I'=—(1—-cosp)F=Tog+—dW"’ (19)
w wdx

This is the sum of the fracture toughness of the interface and the energy dissipated in the peel arm.

Peel angle, y \FK

Thickness, h
le—

Interface between
peel sheets

Initial
Configuration

F

Fig. 5. Geometry of a peel test.
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4.1. Dimensional analysis

Consider a peel test shown schematically in Fig. 5, where the material in the peel arms is
characterized as a linear viscoelastic solid. Assume that the bulk modulus is a fixed number; all the
relaxation then occurs in shear deformation. The cohesive zone is characterized by two rate-independent
parameters, Iy, and Jd... The geometrical parameters that define the peel geometry are the thickness, 4,
and width of the peel, w. Loading in the problem is specified as the peeling force per unit width of the
peel, F/w, and the peel velocity, V.

We present a dimensional analysis that helps to organize these variables into dimensionless groups.
Similar dimensional analyses have been considered earlier in the literature by Tvergaard and Hutchinson
(1992) for fracture in elastic—plastic solids, and by Carpinteri (1991) in the study of size scale transition
from ductile to brittle failure. Consider first the case where the material properties may be represented
by the standard linear solid. The complete list of parameters that characterize the peeling process are:

Goo, Gy, 79 standard linear solid properties
Iy, O fracture process

h, V,F/w, geometry and loading (20)

where 7¢ is the relaxation time of the standard linear solid. A dimensional analysis reveals that the force
per unit width in a peel test, (I — cos @)F/w =T, is related to a combination of dimensionless
parameters in a functional form, ®, given as

21)

I = (1 — COS @)E — FO(D<(;00 GOh TOV 5(;1-)
w

Go Ty h ' h

I' scales with intrinsic toughness I'g. However, it also depends on other parameters. The dimensionless
parameter, 1 = G,/Gy, characterizes the viscoelastic rheology of the material in the peel arms and the
dimensionless parameter, Goh/Iy, couples the fracture energy of the interface with the thickness of the
peel arm and short time modulus. The parameter, V'* = to}//h, can be interpreted as the ratio of the
relaxation time of the polymer to that of the time required to propagate the crack tip along the interface
by a distance equal to the peel thickness.

It is well known that the bulk material properties of many polymers satisfy a rate-temperature
equivalence principle based on a shift parameter, ar, that is defined by the Williams, Landel, Ferry
(WLF) equation (Ferry, 1980) as

~Ci(T = Ty)

Cot (T—Ty) @2)

logo(ar) =

where T, is the glass-transition temperature of the material. For many ‘ideal’ rubbers constants C; and
C, take the values 17.4 and 51.6, respectively. The time constant, 7o(7"), for any temperature 7 is then
given by the relation 7o(7") = ar(T )to(T,). Thus the non-dimensional form, 7o(7")V/h, at a temperature,
T, can be written as to(T,)[ar(T)V']/h. Therefore, the functional form, ®, for the growth in the fracture
energy, I, is a function of the reduced peel velocity, ar(T)V. Consequently, the dependence of peel
energy on rate and temperature exhibits rate-temperature equivalence similar to that demonstrated by
the bulk properties of the polymer sheets. The parameter, (Jd..//), normalizes the critical opening
displacement of the cohesive zone with the other length scale present in the problem at steady state,
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namely the thickness of the peel arm. The above functional form for the fracture energy can be split
into two parts, I’y and T'o(® — 1), resulting in a form consistent with the empirical eqn (1). The
dimensional analysis is readily generalized to the case when the material is represented by a generalized
Maxwell series eqn (12) as

G Gih Koo Kih 79V 5V 5cr>
=T =, -2 L = 23
0<GO’FO’KO,FO,h’I’l,h ( )
where i=1,...,ng,j=1...ng,

ng ny
Go = Goo + ZGi, and, Ko = Ko + ZKi.
i=1 i=1

1

4.2. Elastic peel analysis

A large deformation elastic 7-peel test problem (¢ =90°) with material properties that are
characteristic of a fully relaxed polymer is used to study elastic peeling. The elastic 7T-peel test problem
is shown schematically in Fig. 5. It serves as an important limiting case of the viscoelastic analysis. It
also allows one to verify that the model computes a steady state value of peel force which, for an elastic
material, depends only on the intrinsic cohesive energy I'y, and not on other cohesive zone parameters.

A schematic of the finite element mesh for the computational model of an elastic T-peel test is shown
in Fig. 3. Invoking symmetry about the x—z plane, we model only the upper half. Geometric and
materials parameters are: length L = 0.1 m, thickness # = 0.001 m, bulk modulus, K = 5 GPa, shear
modulus, G = 1 MPa, and cohesive zone fracture energy 'y = ¢, = ¢, = 10.0 J/m?. The problem is
analyzed for two different values of the critical opening displacements, . = d, = d; = 50 and 500 um.
The bulk is discretized by four-node hybrid plane strain elements with incompatible mode shape
functions. These elements are based on a mixed displacement-pressure formulation. Four-node cohesive
elements placed along the axis of symmetry are used to model the interface. The normalized size of the
cohesive elements, Ap/de, for the two different o, are 2.5 and 0.25, respectively. Displacement
constraints include coupling of the cohesive element nodes to account for symmetry are similar to those
used for the elastic DCB problem. It is customary in experimental peel tests to provide a quasi-rigid
backing on the peel material to avoid large axial stretching and to attain a steady state. Spring elements
placed on the peel surface at y=#h, as shown in Fig. 3, are used to model such a backing. The spring
elements are active only in tension and do not offer any resistance in compression. The force—axial
strain relationship in tension for the spring elements is given by the nonlinear relation

P= oc<;> (24)

where n = 2, and =0.001 is a characteristic strain. The coefficient o is chosen such that the axial
stiffness of the springs, given by dP/de, is equal to ten times the shear modulus of the elastic peel at a
strain level of ¢ = . This form of relation for the force—axial strains in the springs provides axial
rigidity that increases linearly with the straining of springs.

The elastic beam element is used as a loading mechanism to obtain a 90° peel angle. Loading is
applied in two steps. The first step consists of a prescribed 90° rotation along the negative z-axis to the
two end nodes of the beam element along with a specified peel rate in the form a nodal velocity, V' =
1.0 x 10~% m/s, to the node located at x = 0, y=~h. In the second step, the angle is held constant while
the nodal velocity continues to act until a steady state is reached.
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Fig. 6. Evolution of fracture energy to steady state in elastic peeling.

A plot of the deformed shape at steady state is shown in Fig. 5. The bottom peel is obtained by
reflecting the modeled top half. The evolution of normalized fracture energy, I'/I'g, with crack
advancement in the elastic peeling process is shown in Fig. 6. At steady state the work done on the
system reaches a steady value which, as measured by the peel force, is achieved when the crack advances
by about twenty peel thicknesses (%) along the interface. As expected, the steady state value for I is
independent of the magnitude of . used in the analysis. An analysis without the spring elements leads
to results that are numerically indistinguishable from these results.

4.3. Viscoelastic peel analysis

4.3.1. Problem formulation

Consider again Fig. 5 where the peeling material is now viscoelastic. For the results presented in this
section, it is taken to be a standard linear viscoelastic solid. The material is assumed to have no
relaxation in the bulk behavior; all the relaxation occurs in shear deformation. The bulk and shear
moduli as a function of time are given as

K(t)=K

G(1) = Goo + (Go — Goo) exp( - %) (25)

This is identical to a one-term generalized Maxwell series representation for the shear modulus with a
single relaxation time, 79, and a constant bulk modulus. The numerical values employed in this study
are K =5 GPa, Gy =10 MPa, G5, =1 MPa, and 79 = 1.0 s. The ratio, Go,/Gy = 0.1, is chosen to
obtain a steady state by the time the crack tip propagates by 40—60 times the peel thickness. For smaller
ratios, a longer peel length is required to reach steady state.

A set of dimensionless parameters for convenience in understanding and interpretation of the analysis
results are defined as
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V', is a characteristic peel velocity and V'™ is the ratio of the peel velocity to the characteristic velocity
Vh.

4.3.2. Predictions of fracture toughness

We present first two cases of the peel problem with the same dimensionless parameters in the function
® in eqn (21). The parameters used for these cases are: Case 1: [y =10 J/m% 4 = 1.0 mm, Ap/d¢ =
25,0 = 50 um; and Case 2: Ty =5 J/m?, h = 0.5 mm, A,/ = 2.5, de = 25 um. The peel analysis is
performed for varying normalized peel velocities, V'*. A plot of the deformed shapes of the peel at
steady state for three representative velocities (low, medium and high) are shown in Fig. 7(a, b, ¢),
respectively. In the limiting cases of low and high velocities the material behaves elastically everywhere
and the curvature decreases monotonically to zero from a maximum value at the crack tip. At low
velocities, the material is completely relaxed to the lower modulus G, causing the peel arm to have
larger curvature, overall, while at high velocities the material is stiff as it is unrelaxed at Gy causing the
peel arm to deform with a smaller curvature. At medium velocities, with increasing distance from the
crack tip, the curvature reduces, changes sign, and ultimately approaches a limiting value of zero. This
results from the viscoelastic nature of the material that causes different parts of the peel arm to exhibit
different incremental stiffness. Similar shapes for peel arms in the peeling of viscoelastic sheets were
obtained by Kendall (1972).

The variations in the normalized fracture energy, I'*, with normalized velocity, V™, for the two cases
considered are shown in Fig. 8. The two plots are identical within computational accuracy, verifying the
dimensional analysis presented in Section 4.1. This also further verifies the assertion that the fracture
energy scales with the intrinsic fracture toughness at a fixed velocity. Thus, the viscous dissipation in the
peel arm is not independent of the intrinsic fracture toughness of the interface, consistent with eqn (1).
Consider now the three different regimes drawn in Fig. 8 corresponding to the low, medium and high
normalized velocities 7*. In the low and high velocity regimes fracture energy equals the intrinsic
fracture energy. In the medium velocity regime the fracture energy and viscous dissipation in the peel
arm are sensitive to the normalized peel velocity, V¥, and attain a maximum. An upper bound on the
fracture energy can be obtained by considering the case of a crack propagating in an infinite medium
characterized by the linear solid material properties. It is known for this case that the maximum possible
fracture energy equals I'g/A (Hui et al., 1992). For the case of a peel with finite thickness there is a limit
on the size of the viscous dissipation zone (Fig. 1) and hence it is expected the maximum normalized
fracture energy, I'*, can be smaller than 1/A. For the material properties considered here 1/1 evaluates
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Fig. 7. (a, b, ¢). Viscoelastic peel deformed shapes at low, medium, and high peel velocities.
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to 10 and from Fig. 8 it is observed that numerical modeling predicts a factor of about 3. The variation
of the cohesive zone size at steady state is shown in Fig. 9 for varying normalized peel velocities. The
cohesive zone size attains limiting values in the low and high velocity regimes. The increase in cohesive
zone size with velocity is consistent with the increased stiffness of the material. A soft peel arm in the
low velocity regime, as seen from Fig. 7(a), results in a smaller cohesive zone whereas a stiffer unrelaxed
peel arm in the high velocity regime, as seen from Fig. 7(c), results in a larger cohesive zone. However,
in the transition between the two limits there is an overshoot; the largest cohesive zone is at an
intermediate velocity.

Qualitatively, the shape shown in Fig. 7(b) and the fact that the largest cohesive zone size occurs at
an intermediate velocity may be understood as follows. Imagine a material with stiffness, Gy, everywhere
which has a characteristic peel shape. Imagine now that a portion of the peel arm, say from the point of
load application to some distance behind the crack tip, is relaxed to the rubbery modulus G.,. Because
the stiff material just behind the crack tip is now attached to the point of load application by a soft peel
arm, the shape will now change to a lower curvature near the crack tip with an associated increase in
cohesive zone length.

A measure of the transition region where viscous dissipation is localized can be obtained by plotting a
parameter p along the peel arm. The parameter p is defined as

p=—"" 27)

Eoo — €0
where ¢ = 4/2/3e:e, and e is the total deviatoric strain. This parameter was proposed and used by Hui et
al. (1992) to depict the viscous dissipation zone near a crack tip under small-scale yielding. The
quantities, & and &, are obtained by dividing the actual Mises stress at the material point by three
times the unrelaxed shear modulus, Gy, and the fully relaxed shear modulus, G, respectively. In the
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completely relaxed and completely unrelaxed states the parameter, p, would be close to 1.0 and 0.0,
respectively. A value of the parameter, p, away from either 1.0 or 0.0 indicates departure from linear
elasticity, i.e., it indicates viscous deformation. The distribution of the parameter p evaluated along the
tensile fiber of the peel arm is shown in Fig. 10 for a number of peel velocities. These plots correspond
to Iy = 10 J/m?, de; = 50 um, and & = 1 mm. The origin of the x-axis of the plot is located at the crack
tip, x.. For V* « 1 the polymer sheets are completely relaxed everywhere to their long term modulus,
G. There is little dissipation and we expect the parameter p to be close to 1.0 as is evident from Fig.
10. For VV* > 1, the crack is travelling in an unrelaxed elastic material with shear modulus, Gy. The
parameter, p, as expected, is close to zero everywhere. For intermediate velocities, V' *=xO(1), or the peel
velocity, V'~ V4, the material will relax from an initially stiff state as it enters the cohesive zone to a soft
state as behind the crack tip. Plots of the variation in parameter, p, along the peel arm for V*=0.1, 1.0
(peak dissipation), and 10.0 are also shown in Fig. 10. At the velocity corresponding to peak dissipation,
there is a distinct peak in p some distance behind the crack tip. The region of viscous dissipation has
detached from the crack tip and moves further behind with increasing velocity.

It is useful to compare the results obtained above with those obtained by Xu et al. (1992), who study
the problem of a crack propagating along the interface of two bonded viscoelastic polymer sheets
modeled as a standard linear viscoelastic solid in a DCB geometry. Using a rate-independent Dugadle-
like constant stress cohesive zone model they derive results for macroscopic fracture energy of the form

I =To[l+ ¢(*, 0)] (28)

where v* = 19V/al, ¢ = (EyId)/(2a*c.). The parameter, a, is the horizontal distance between the point
of application of load and the crack tip; Ej is the short term Young’s modulus; / is the moment of
inertia; and o, is the constant failure stress of their cohesive zone model. We evaluate eqn (28) using
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Fig. 10. Plots of parameter, p, representing regions of viscous dissipation along the peel arm for various peel velocities.
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Fig. 11. Comparison of the fracture energy as predicted by the cohesive element computational model (peel) and the Xu et al.
(1992) model (DCB).

values for parameters, ¢ and ¢, from the present peel finite element analysis, using J.. as defined here,
and g, = omax Of the Xu and Needleman cohesive zone model eqn (17). The resulting values are
compared against the fracture energies as obtained from the present computational model in Fig. 11.
Peel analysis computes a peak fracture energy that is considerably higher than in an equivalent DCB
specimen. This itself is not remarkable considering the difference in geometry. We do find that the
velocity at which peak dissipation occurs as predicted by the present computational framework and the
DCB model are approximately the same. This suggests that the location of the viscous dissipation zone
with respect to the finite specimen geometry is similar in the two cases.

4.3.3. Effect of cohesive zone model parameters

Observe from eqn (21) that ® may depend on the cohesive zone parameters, ., and Iy, apart from
the viscoelastic properties of the polymer sheets, A, and the sheet thickness, 4. As mentioned earlier, for
linear elastic solids, the parameter, Iy, alone is sufficient to characterize crack propagation; the critical
energy release rate and cohesive zone approaches coincide in the limit d., — 0. For models of the elastic
peel test, even the condition ., — 0, may be relaxed. As long as steady state is achieved, peel energy
equals I'y. As pointed out by Rice (1978), for cracks in a viscoelastic material, the cohesive zone
approach to crack propagation differs from one based on critical energy release rate. The implication for
modeling with cohesive elements is that at least two parameters, I'y and J.,, must be specified, even if it
is accepted that the detailed shape of the cohesive law is unimportant. Together, through eqn (16), they
specify a charteristic maximum stress in the cohesive zone.

Simulations have been conducted for a range of peeling velocities at a specified intrinsic fracture
energy, I'o = 10 J/rnz, peel thickness, # = 1.0 mm, and for three values of J.;, namely, 50, 250, and 1250
um. Results for normalized fracture energy, I'*, as a function of normalized peeling velocity, V'*, are
shown in Fig. 12. Again, fracture energies are independent of J.. in the two limits, V'* > 1 and V' * « 1,
and are equal to the intrinsic fracture energy, I'y. The parameter, J.;, has considerable influence on the
predicted peak in the fracture energy for the same viscoelastic material properties of the polymer sheets.
With decreasing J., the predicted fracture toughness begins to grow and peaks at lower velocities.
Predicted fracture energies fall rapidly to the right of the peak values and this part of the curves is less
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Fig. 12. Effect of critical opening displacement on fracture energy.

sensitive to changes in .. Thus, the low velocity and medium velocity zones shift to the left on the
normalized velocity scale while the high velocity zone is relatively insensitive to Je;.

The results of Fig. 10 and 12 may be interpreted in terms of the de Gennes (1996, 1997) and Hui et
al. (1992) picture of viscoelastic fracture (Fig. 1):

1. The material is elastic everywhere with relaxed rubbery modulus, vt/A < L (cohesive zone size). Peel
energy is insensitive to ;.

2. The viscous region develops, vt/4 > L, but the glassy region has not developed, vt < L. Peel force is
sensitive to .

3. The material near the cohesive zone is elastic with the glassy modulus, vt > L. Peel force is relatively
insensitive to .

4. The material is elastic everywhere with the glassy modulus, vt > a (peel length). Peel force is
insensitive to ;.

Decreasing ., implies decreasing L, although the relationship between the two is not simple. With
decreasing J.; the transition from region I to Il occurs at decreasing velocities, consistent with the
condition for transition between the regions vt/A > L. In region III, vt > L; the region of energy
dissipation detaches from the cohesive zone which is surrounded by an elastic region with modulus Gy.
Consequently, the peel energy again depends only on I'y, not on Jd.. Normalized tractions along the
fracture surface are shown in Fig. 13 as a function of distance from the crack tip at peak dissipation for
three different values of d.. Maximum cohesive zone traction scales inversely with .. The cohesive
zone size decreases with decreasing J.,. However, because of accompanying changes in the peel shape
the reduction in cohesive zone size is not proportional to J,.

In the limit, d.. — 0, the cohesive zone and energy release rate approaches to viscoelastic fracture are
again equivalent (Rice, 1978). In this limit the fracture process is controlled by only one cohesive zone
parameter, I'y. In the present analysis, for Iy=10 J/m? and 8, = 1250 um we obtain g =0.003 MPa,
L = 4800 ym, I'=17.0 J/mz; and for I'y=10 J/m2 and 0, =5 um we obtain g, =0.7 MPa, L = 300
pm, T'=45.0 J/m>. Whether a limit in which only I'y needs to be specified is achievable with physically
acceptable values of d. can be examined by studying the dependence of cohesive zone size, L, on the
dimensionless number ‘¢’, eqn (28). Fig. 14 plots cohesive zone size as a function of this number. It
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Fig. 13. Variation of tractions along the length of the peel arm at steady state for velocities resulting in peak dissipation.

includes results from the present analysis and those of Xu et al. (1992). For a given set of material
properties and thickness of the polymer sheets, and intrinsic fracture energy Iy, the parameter c¢ is
proportional to 5§r/a4. For small enough values of d., we find a limit in which cohesive zone size is
independent of J... However, for the geometry analyzed here, this is achieved only when d.,<1 nm. For
[y=50 J/m?, this would result in maximum cohesive zone tractions of about 18 GPa, much larger than
the glassy modulus. We conclude, therefore, that a meaningful use of cohesive zone models for modeling
fracture in viscoelastic materials requires the knowledge of one additional parameter, namely either J.,
Or Omax, apart from the intrinsic energy of the interface, I'y.
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Fig. 14. Variation of the cohesive zone size with critical opening displacement.
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5. Peeling of polybutadiene elastomer sheets

Consider now the well-known results on peeling of polybutadiene elastomers (Chang, 1980; Gent,
1996). The peel energy is considered qualitatively to be a combination of a rate-independent intrinsic
work of fracture and viscoelastic losses in the bulk. Observed increases in peel energy with peel velocity
are attributed to bulk viscoelastic losses. Here we employ the model developed to test this hypothesis
quantitatively.

For a controlled level on interfacial cross-linking, the threshold strength of self adhesion, the intrinsic
fracture toughness of the interface, Iy, was determined by Chang (1980) at high test temperatures and
low rates of peeling, conditions under which viscoelastic dissipation effects are minimized. Peel energy
for a set of higher rates of peeling at various test temperatures above the glass transition temperature of
the elastomer were also measured. The peel rates at these various test temperatures were converted to a
reduced peel rate scale which was obtained by multiplying the actual peel rates by the corresponding
WLF shift factor, ar (Ferry, 1980), calculated for the difference in the test temperature and glass
transition temperature of the elastomer. The fracture energies when plotted as a function of these
reduced peel rates fell on a single curve. Detailed mechanical characterization of the elastomer in the
form of the tensile dynamics properties was also given in the reference, Chang (1980).

Plots of the storage and loss moduli, E' and E”, are shown in Fig. 15 as a function of the reduced
frequency, war, Chang (1980). These were transformed into the transient Young’s modulus through the
use of equations relating the dynamic components to the transient modulus (Ferry, 1980). The resulting
transient Young’s modulus was converted to transient shear modulus by using the relation,
G(t) = E(1)/(2(1 +v)). A value of 0.5 was used for Poisson’s ratio, v, in this relation. An eight-term
Generalized Maxwell series fit, as in eqn (12), was obtained for the transient shear modulus data. The
normalized generalized Maxwell series coefficients, g; = G;/Gy, and the corresponding relaxation times
from this fit are listed in Table 1. A plot of the experimentally obtained transient shear modulus and the
Generalized Maxwell series approximation is shown in Fig. 16. The glassy modulus for the elastomer,
Gy, was not provided; it was assumed to be 1.0 GPa. As will be evident presently, the main conclusions
here are not sensitive to the quality of the fit to viscoelastic measurements in the glassy region as
through most of the time and temperature regime being analyzed the material is close to being in the
rubbery state. It is assumed that there was no relaxation in the volumetric deformation of the elastomer,
and the bulk modulus, K, was chosen as 2.0 GPa.
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Fig. 15. Storage and loss modulus for a butadiene elastomer (Chang, 1980).
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Table 1
Generalized Maxwell series coefficients and relaxation times for the butadiene
elastomer at its glass-transition temperature, —90°C

Term no., i Normalized shear modulus Time constant t¢
G; = G;/Gy (s)

1 0.88392 3.56484E-3

2 3.41887E-2 2.85973E-2

3 2.51032E-2 0.26090

4 2.82918E-2 1.5327

5 1.77887E-2 9.6884

6 7.30381E-3 84.922

7 2.14218E-3 1467.9

8 4.90413E-4 1.62799E +5

The table is based on data of Chang (1980).

The specimen for the T-peel test in the experimental investigation had the following dimensions: peel
thickness, 7 = 0.75 mm, length of the peel, L = 80 mm. The experimental investigation used a cotton
cloth attached to the top of the specimen to minimize large extensions. As described in Section 4.3.1,
spring elements with the force—elongation relationship in tension only, as given by eqn (24), were used
to model the cotton cloth. The work of intrinsic fracture energy, I'y, for the cohesive eclements was
assumed to be equal to the threshold strength of self adhesion of the elastomer measured at high
temperature and low peel velocity. One such threshold work of self-adhesion for the BR elastomer was
measured to be 22.5 J/m?. The critical opening displacement, J,, for the cohesive elements is taken as
50 um.

A plot showing the experimentally measured growth in peel energy with the reduced peel rate is
shown in Fig. 17. The numerical simulations were carried out for a range of peeling rates from 1073 to
10~* m/s. It is observed that the numerical results using a rate-independent cohesive zone model predict
onset of viscous dissipation only above 10™° m/s. Experimental measurements reveal that viscous
dissipation begins at the peel velocities on the order of 10™'° m/s: an immense discrepancy of about 10
orders of magnitude. The experimentally observed growth in fracture energies at velocities as low as
107" m/s needs to be commented upon. Attention is drawn to the comments of Gent (1996) on this
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Fig. 16. Dynamic shear modulus for butadiene elastomer and a generalized Maxwell series fit.
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point. Based on the largest relaxation time in the Maxwell series fit, t = 1.5 x 10°s, at these rates
vt~ 107" m and vr/Ax~107""'m. In other words, the glassy and viscous zones of Fig. 1 have not
appeared and the rubbery zone extends throughout the material. These rates are too low for appreciable
viscous dissipation to develop in the peel arm. Based on the discussion in the previous section, detailed
predictions will depend on the actual choice of ... However differences due to changes in J. are too
small to account for the large discrepancy between theory and experiment.

We suggest, instead, that the observed growth in the fracture energy at such small velocities be
modeled by rate-independent dissipation in the intrinsic fracture zone, which would manifest in the
model as a rate-dependent cohesive zone model. As mentioned in the Introduction, several authors have
developed and used rate-dependent models in other contexts. However, this finding and suggestion goes
against the usual interpretation of viscoelastic peeling data (Gent, 1996; de Gennes, 1996) that the total
dissipation consists of a rate-independent work of separating the cohesive zone coupled multiplicatively
to viscoelastic dissipation in the bulk. Whether these data can be modeled quantitatively with an
appropriate rate-dependent cohesive law remains to be established and is the focus of ongoing work.

6. Conclusions

A computational framework for modeling fracture propagation in viscoelastic materials has been
developed. The development accounts for geometric nonlinearities and allows for the formation of
macroscopic crack surfaces through the use of a cohesive zone model implemented using a cohesive
surface finite element. The developments are used to study the growth in viscoelastic losses and fracture
energy in the peeling of a linear viscoelastic material. A dimensional analysis of the peel test problem
shows that peel energy is proportional to I'y. It also depends on other geometrical and material
parameters. Computed results verify the dimensional analysis and the functional form for the
relationship between peel energy and peel velocity. This conclusion is in contrast to several earlier peel
analyses where it was assumed that viscous dissipation in the peel is independent of the intrinsic fracture
energy of the interface.

Analysis of peeling of a material represented by the standard linear solid shows that viscous
dissipation is negligible at peel rates that are small and large compared to a characteristic peel velocity,
Vw, which depends on the specimen geometry and relaxation time. In these limits, peel energy equals the
intrinsic interfacial energy. Between the two limits, with increasing peel velocity, peel energy increases,
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attains a peak value, and decreases to the intrinsic interfacial toughness. Various regimes in peeling
velocity have been interpreted in terms of de Gennes (1996, 1997) picture of different zones near a crack
propagating in a viscoelastic material. We find that to model accurately the regime of velocities below
peak dissipation it is necessary to specify at least two cohesive zone parameters, e.g., d., and I'y. In this
regime the viscous dissipation region engulfs the cohesive zone. In the regime of velocities above peak
dissipation the viscous dissipation region detaches from the cohesive zone. The cohesive zone is
surrounded by an elastic region and can now be described by a single parameter, e.g., I'y.

The computational model, when used to model experimental peel tests on Butadiene elastomers,
reveals that the predicted increase in peel energy occurs at much larger peel velocities compared to
experiment. Analysis of velocities at which experiments show viscous dissipation results in a viscous
dissipation zone on the order of 10~"'m. This has also been pointed out by Gent (1996) who suggests
local crack branching as a source of energy dissipation. Within the context of a continuum model it is
suggested that these experiments be analyzed using a rate-dependent cohesive zone model. Such
suggestions have also been made in literature earlier for modeling fracture in concrete by Carpinteri et
al. (1997).
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