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In this work, double cantilever beam specimens were used to investigate the rate-
dependent fracture of a silicon/epoxy interface. Fracture experiments were conducted at 5
different separation rates, ranging from 0.042 to 8.5 mmy/s. For each separation rate, the in-
terfacial properties were extracted by a beam on elastic foundation model and an iterative
method, assuming a bilinear traction-separation relation. Rate dependence is observed for
the silicon/epoxy interface as both the interfacial toughness and strength increased with
the separation rates, which is opposite to the rate dependent fracture behavior of the bulk
epoxy in its glassy state. Motivated by this observation, a rate-dependent cohesive zone
model is proposed based on a thermally activated bond rupture mechanism. This model
relates the interfacial fracture to the breakage of molecular bonds at the interface, and the
rate effect develops naturally from the kinetics of damage evolution via the statistical con-
cept of bond survival probability. The double cantilever beam problem with the interfacial
bond rupture kinetics was then solved numerically, and the model parameters were ex-
tracted by fitting the numerical results to the experimental data. Ideally, this model should
be able to explain and predict the rate-dependent fracture of a specific interface (e.g., sil-
icon/epoxy interface) with four parameters, including the bond energy, the critical stress,
the initial stiffness and a time scale. However, in order to fit the experimental data, the
critical stress had to be adjusted in the present study. Nevertheless, this mechanism-based
cohesive zone model offers a promising approach for modeling the rate-dependent frac-
ture, which may also incorporate other mechanisms in future studies.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The rate dependence of the delamination of interfaces has been exploited for selective delamination in transfer print-
ing (Feng et al., 2007) and dry transfer of graphene from its growth substrate to an epoxy (Na et al., 2015; Yoon et al,,
2012). In both cases, an increase in the separation rate increased the interfacial toughness, but for different reasons. Trans-
fer printing made use of a polymer in its rubbery state and increasing the separation rate could be (Knauss, 1975) and has
been (Cheng et al., 2012) linked to bulk viscoelastic processes. In contrast, the cited examples of dry transfer made use of
a glassy polymer (epoxy) whose bulk fracture toughness decreases with increasing separation rate (Makhecha et al., 2009).
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The increasing toughness associated with delamination between interfaces involving glassy polymers must therefore be at-
tributed to the interfacial behavior of such polymers (Rakestraw et al., 1995). A number of potential mechanisms for this
behavior have been proposed. One idea is that glassy polymers develop an interphase region in the vicinity of their interface
with another material whose properties differ from those of the bulk (Drzal, 1986, 1990; Sharpe, 1972). Ligament formation
and polymer chain pullout have also been considered (Swadener et al., 1999). This paper focuses on the rate dependent
fracture of a silicon/epoxy interface and proposes a rate-dependent cohesive zone model based on a thermally activated
interfacial bond rupture mechanism.

Interfacial fracture in layered structures has been addressed and discussed in detail with respect to elastic fracture phe-
nomena assuming small-scale yielding or process zones (Hutchinson and Suo, 1991). The linear elastic fracture mechanics-
based method works well in predicting the propagation of an existing delamination. However, limitations to this approach
can arise for fracture with large yielding or process zones where nonlinear effects are critically important. Cohesive zone
modeling has been commonly utilized to approximate the nonlinear fracture phenomena and to predict initiation and
propagation of interfacial cracks. The concept of the cohesive zone model was first presented by Dugdale (1960) and
Barenblatt (1962) to investigate yielding at a crack tip and account for finite strength of brittle materials. One of the funda-
mental aspects in cohesive zone modeling is to define a traction-separation relation across the interface, which approximates
the nonlinear fracture process. The methods to extract traction-separation relations are generally classified as either a direct
method (Gowrishankar et al., 2012; Sgrensen and Jacobsen, 2003; Sorensen et al., 2008; Wu et al., 2016; Zhu et al., 2009) or
an iterative method (Cox and Marshall, 1991; Gowrishankar et al., 2012; Li et al., 2005; Mello and Liechti, 2006; Sorensen
et al., 2008). The direct method usually requires measurements at or near the crack tip, such as crack tip opening displace-
ments and crack extension, and thus is limited by resolution issues. The iterative method, on the other hand, depends on
far field measurements, such as force and displacement at the loading point, and determines traction-separation relations
by comparing numerical results with experimental data.

Rate-dependent fracture of polymers and their interfaces may result from viscoelasticity and damage processes. The dam-
age processes are often confined in a small region around the crack tip and may be described by rate-dependent traction-
separation relations, which are the focus of this paper. Previously, Knauss and Losi (1993) proposed a rate-dependent crack
propagation model for craze-like fracture in polymers and failure of a bonded joint with a thin adhesive layer, where a
nonlinear viscoelastic constitutive model was used in a narrow cohesive zone and the effect of void formation was ac-
counted for by an experimentally determined damage function. Later, Rahul-Kumar et al. (1999) implemented a family of
cohesive elements with rate-independent and rate-dependent traction-separation relations for fracture at polymer inter-
faces. They described two rate-dependent cohesive zone models, one based on a rate-dependent craze-like fracture model
(Knauss and Losi, 1993) and the other based on a generalized viscous fluid model (de Gennes, 1996; Kogan et al., 1996;
Xu et al., 1991). The rate-dependent toughness of elastic-viscoplastic materials was analyzed in Landis et al. (2000) using a
viscoplastic traction-separation relation that follows a similar functional form as the constitutive relation for the bulk mate-
rial. Based on their experiments, Liechti and Wu (2001) used a nonlinear viscoelastic Kelvin unit to simulate rate-dependent
cohesive forces between rubber and steel under mixed-mode loading at different rates. Similarly, a nonlinear spring in par-
allel with a linear Maxwell element was used in a rate-dependent cohesive zone model (Xu et al., 2003) for crack growth
in adhesive joints. Zhang et al. (2003) proposed a cohesive zone model consisting of a plastic region and a damage re-
gion, each of which was described by a rate-dependent traction-separation relation with a linear viscosity. Giambanco and
Fileccia Scimemi (2006) formulated a rate-dependent interface model in the framework of viscoplasticity considering hard-
ening, softening and friction in presence of shear and tensile tractions. Based on compact tension tests of bulk epoxy,
Makhecha et al. (2009) developed two rate-dependent traction-separation relations, each with one rate-dependent param-
eter, to simulate the stick-slip fracture in an adhesively bonded aluminum double cantilever beam. A direct approach was
used to determine the mode I and mode II traction-separation relations of a polyurea/steel interface (Zhu et al., 2009),
which exhibited strong rate dependence. Marzi et al. (2009) used bilinear traction-separation relations with rate-dependent
parameters directly extracted from experiments for failure of structural adhesive joints loaded in mode I. A similar ap-
proach was followed by Mohammed et al. (2016) in their study of pressure-sensitive adhesives, which also suggested that
the rate dependence in their experiments was dominated by the rate-dependent interfacial properties, rather than the bulk
viscoelasticity.

The traction-separation relations are essentially continuum descriptions of the bimaterial interfaces subject to tensile
and/or shear tractions. Such descriptions are phenomenological but could, in principle, be linked to atomistic or molecu-
lar mechanisms (Ghatak et al., 2000; Kogan et al., 1996; Rahul-Kumar et al., 1999; Spearot et al., 2004; Xu et al., 1991),
which would provide more fundamental descriptions of the interactions during fracture. For example, van der Waals in-
teractions between a graphene monolayer and silicon oxide can be calculated by first-principle density functional theory
with dispersion corrections and then effectively represented by an interfacial potential that leads to a traction-separation
relation (Gao et al., 2014). At a finite temperature (T > 0K), MD simulations showed that thermal rippling of graphene
leads to a temperature-dependent traction-separation relation (Wang et al., 2016). For polymer interfaces, the pull-out of
molecular chains was proposed as the underlying mechanism for the rate-dependent traction-separation relations (Kogan
et al,, 1996; Xu et al.,, 1991). More specifically for an epoxy/silica interface, a multiscale approach was used to predict the
stiffness, strength, and toughness in a bilinear traction-separation relation based on MD simulations and a worm-like chain
model (Lau et al., 2012). On the other hand, a kinetic theory of bond dissociation was adopted by Bell (1978) to study cell
adhesion, which has been extended by others to study polymer interfaces (Biiyiikoztiirk et al., 2011; Ghatak et al., 2000)
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and other molecular bonds (Evans and Ritchie, 1997; Pobelov et al., 2017; Wiita et al., 2006) including protein unfolding
(Ackbarow et al., 2007). More recently, a kinetic bond breaking model was developed by Freund (2014) along with the sta-
tistical concept of bond survival probability for the growth of a planar crack in a brittle material, which makes it possible
to relate the commonly measured fracture properties to the underlying bond parameters. A similar statistical model was
proposed by Qian et al. (2017) to describe rate-dependent peeling of an elastic strip from a flat substrate with an array of
non-covalent molecular bonds.

This paper focuses on rate dependent fracture of a silicon/epoxy interface under nominally mode I conditions. The ex-
periments were conducted using symmetric double cantilever beam (DCB) specimens. We take three approaches to analyze
the DCB experiments. First, a beam on elastic foundation (BEF) model is used to determine the stiffness of the interface
and fracture resistance curves (R-curves). Next, assuming a bilinear traction-separation relation for the interface, an iter-
ative approach is employed to numerically extract the parameters (strength and toughness) from the experimental data.
The third approach is based on a kinetic bond rupture model. Unlike the first two approaches, where the extracted model
parameters are rate dependent, the third approach considers interfacial fracture as a result of thermally activated bond rup-
ture processes, which are intrinsically rate dependent (and time/history dependent as well). The remainder of this paper is
organized as follows. Section 2 presents the experimental method, followed by a series of methods for data analysis and
modeling in Section 3. The results are presented in Section 4 with discussions. We conclude in Section 5 with a summary
of main findings.

2. Experiment

A sandwich DCB specimen consisting of two layers of silicon bonded by an epoxy, was adopted for the experiments in
this study (Fig. 1a). The silicon strips were bonded to aluminum tabs at the opening end (Fig. 1a), which were connected
to a servo hydraulic, universal testing machine through two pins. The displacement rate control was applied at the opening
end of the specimen and the bonded end was free. The reaction force was measured by a load cell (45N range, Omega).
N-type silicon strips (Young’s modulus 169 GPa and Poisson’s ratio 0.22) with (111) surfaces were used because this plane
has the smoothest surface and most dense atomic arrangement, thereby also minimizing any fracture of the silicon. A dicing
machine (Disco, DAD 321) was used to cut 100 mm diameter silicon wafers (500 £+ 25um in thickness) into 40 x 5mm
strips, which were then cleaned individually by ultra-sonication in de-ionized water to remove any particles that might
have accumulated during the dicing procedure. One silicon adherend was coated with an Au/Pd film (~15nm) from one end
of the strip to a length of 15-20 mm. The purpose of the Au/Pd coating is to form a sharp crack between silicon and epoxy,
with minimal damage ahead of the initial crack front, because the adhesion energy between Au/Pd coating and the epoxy
is relatively small (~0.07J/m?2) compared to the silicon/epoxy interface. The sharp crack reduces the crack blunting effect by
minimizing the shear yielding around the crack tip (Kinloch and Williams, 1980; Williams and Hodgkinson, 1981), and thus
plane strain behavior dominates and steady-state crack growth is expected. The effect of the coating layer can be observed
from the measured load-displacement curve as seen in Fig. 1b. When there is no coating, the force required to initiate a
crack from the bimaterial corner at the epoxy terminus is apparently larger than that required for the sharp crack produced
by the Au/Pd coating. The two responses eventually converge for steady-state crack growth. Interestingly, this blunt crack
initiation effect was only observable for the largest separation rate (8.5 mmy/s). Therefore, the Au/Pd coating was not needed
for the other lower separation rates.
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Fig. 1. (a) Schematic of a DCB specimen and loading tabs; (b) Load-displacement curves of two specimens with the same initial crack length, one with the
Au/Pd coating for a sharp initial crack and the other without a coating.
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The epoxy (EP30, Master Bond Inc.) was prepared by mixing the resin and hardener in a 4:1 ratio by weight. The mixture
of resin and hardener was degassed in a vacuum chamber to remove trapped bubbles formed during the mixing process. To
prepare the DCB specimen, a bead of the degassed epoxy was dropped on the silicon surface and spread out with a cover
glass. Then the other silicon adherend partially coated with Au/Pd (if needed) was compressed with a weight to help further
spread epoxy into a 5 to 40 um-thick layer between two silicon strips. The specimen was cured at 100 °C for 2 h and then
allowed to cool slowly to room temperature. The thickness of the specimen was measured by a micrometer after the curing
process and the thickness of the epoxy layer was obtained by subtracting the thickness of two silicon adherends from the
specimen thickness.

Fracture experiments were conducted at 5 different separation rates, ranging from 0.042 to 8.5 mm/s. For each separation
rate, at least 3 specimens were tested to provide a measure of the reliability of the data. We note that, while the applied
separation rate was controlled at the opening end of the specimen, the local separation rate at the crack tip depends on the
initial crack length as well as the interfacial properties, which cannot be directly controlled in the experiments.

3. Analysis

In this section, we present a series of analyses of the DCB experiments. First, we adopt a beam on elastic foundation
(BEF) model that can be used to directly, but approximately, interpret the experimental data. Then, we describe the iterative
method that was used to extract the traction-separation relation for cohesive zone modeling of the silicon/epoxy interface
at each separation rate. Finally, we propose a rate-dependent cohesive zone model based on the thermally activated bond
breaking kinetics and numerically solve the DCB problem at different separation rates.

3.1. Beam on elastic foundation analysis

In the experiment, both the specimen structure and loading conditions were designed to be symmetric for the purpose of
maintaining a nominally mode I fracture at the interface (see Mode-mix analysis in Supplementary Material). Therefore, the
shear stress at the interface of the DCB specimen was negligible, leaving the normal stress as the primary traction between
the silicon and epoxy. Considering only the normal traction, a beam on elastic foundation model as presented in previous
studies (Gowrishankar et al., 2012; Wu et al., 2016) was adopted to determine the crack growth and the J-integral based
on the measurements of the applied load and displacement (Fig. 2). The beam on elastic foundation model predicts the
load-displacement response at the loading point as:

- -1

3E1L A 3 3 3

P="T1(1+=+—5+-—=) . 3.1)
2a Aa - (ra)®  2(ha)

where P and A are the applied force and the opening displacement at the loading point, a is the crack length (measured
from the loading point to the crack tip; see Fig. 1a), I; = b1h13/12 for the silicon beam with width b; and thickness hy,

Ey = £, and A = (-, )1/4 with K, being the stiffness of the elastic foundation.
1-v? Erhy?

For the sandwich beam specimen with an epoxy layer, the stiffness K, was approximately taken as Ky = E;/h, in the
previous study (Wu et al., 2016). In this work, a different approach was used to determine the stiffness. By measuring the
distance from the epoxy terminus (when the Au/Pd coating was not necessary) to the loading point on the specimen after
the silicon was peeled off, the initial crack length ag was determined. Then, with the crack length ay, the initial linear
portion of the load-displacement response can be used to determine the stiffness by Eq. (3.1) (shown as the red solid line
in Fig. 2a). The value of the stiffness was found to be Ky = 7.5 x 1012N/m3, which is about two orders of magnitude smaller
than the value used in the previous study (Wu et al., 2016).

Based on Eq. (3.1), the crack length (beyond the initial length) can be determined from the measurements of P and A as

37 1/3
a(P,A):% (“;"A—D 1. (3.2)

The corresponding J-integral for the DCB specimen is (Gowrishankar et al., 2012)

2 3F 2/3
JP.A) = _12P2 i [3A EiLA 1] 4
A2E1b1“hy
As shown in Fig. 2, based on the measured load-displacement response (Fig. 2a) for a DCB specimen, the crack length
(Fig. 2b) and the J-integral (Fig. 2c) were calculated by Eq. (3.2) and Eq. (3.3), respectively. The fracture resistance curve
(Fig. 2d) was then obtained for each specimen, where the crack extension is defined as Aa = a — ag. In all cases, the crack
did not grow until the J-integral reached a critical value (J = I'g) corresponding to a critical separation (Ag), beyond which
the crack grew as the J-integral continued increasing. Eventually, a steady state was reached with a constant J-integral (J =
I'ss), commonly taken as the fracture toughness of the interface. Moreover, the strength of the interface can be defined as

(3.3)

2P 2
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Fig. 2. (a) Measured load-displacement response for a DCB specimen, with the initial linear portion fitted by Eq. (3.1) using the measured initial crack
length and the stiffness of the elastic foundation. (b) Crack length determined by Eq. (3.2) versus the applied displacement; (c) J-integral by Eq. (3.3) versus
the applied displacement; (d) The fracture resistance curve.

the critical traction for the initiation of crack growth, which may be estimated as o¢ = /2Ky (assuming a linear traction-
separation relation up to the critical traction). As discussed in Section 4, it was found that the fracture resistance curve, the
steady-state toughness and the strength are all rate dependent.

3.2. Bilinear traction-separation relations by iterative method

Next, we assume a bilinear traction-separation relation (Fig. 3) for each specimen and determine the parameters by
an iterative method. To fully determine a bilinear traction-separation relation, three parameters are required: the elastic
stiffness Kj, the interfacial strength o, and the fracture toughness I's;. A damage parameter D is used to describe the state
of the interface as it evolves from 0 to 1 depending on the local separation:

85(8m - 80)
(Sm(ac - 50).

Here, 8o = 09/Kjy is the critical separation for damage initiation, 8. = 2I'ss/0 is the critical separation for fracture, and &, is
the maximum separation experienced by the interface element. The bilinear traction-separation relation is then given by

o = (1 - D)Koé. (3.5)

The bilinear traction-separation relation was adopted for the silicon/epoxy interface in a 2D finite element model using the
surface interaction module in ABAQUS, similar to previous studies (Gowrishankar et al., 2012; Wu et al., 2016); both silicon
strips and the epoxy layer were modeled by four-node plane strain elements (CPE4). For the applied strain rates in this
study, the epoxy is assumed to be in its glassy state and hence linearly elastic, and plastic yielding of the epoxy is negligible
because the strength of the interface in the present study is well below the yield strength of the epoxy (~75 MPa).

D= (34)
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Fig. 3. Schematic of a bilinear traction-separation relation.

@), | | |
Tss (J/m?) oy (MPa)
1.4 o data
o 1.4
1.35 —38 8
L—" | 13+
13
€125 € 42
= Ay
1.2
11+
1.15
1 F !
A=0.042mm/s A=0.042mm/s
1.05 . : ) ) . 0.9 . L
0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.15 0.2 0.25 0.3
A (mm) A (mm)

Fig. 4. Comparisons between load-displacement curves from finite element solutions and experimental data. (a) The descending portion varies with the
fracture toughness; (b) The response near the peak force varies with the strength of the interface.

For each DCB specimen, we first estimate the three parameters for the bilinear traction-separation relation based on
the BEF analysis as discussed in Section 3.1. To improve the accuracy, an iterative approach was adopted to determine
the traction-separation relation of the silicon/epoxy interface at each separation rate by comparing the results of the finite
element simulation with the measurements. In particular, the initial stiffness Ky was fully determined by the linear portion
of the load-displacement curve (Fig. 2a), which was nearly independent of the separation rate. The other two parameters
(I'ss and o) were determined iteratively following the process outlined by Gowrishankar et al. (2012).

As an example, consider the steps that were taken to identify the parameters for the traction-separation relation at a
separation rate of 0.042 mm/s (Fig. 4). The descending portion (Fig. 4a) of the load-displacement curve from the numerical
simulations depends sensitively on the value of the fracture toughness. As the first step, o((®) was fixed at 7.7 MPa and I's(1)
was established as 8]/m?2. Fig. 4b shows the effect of the interfacial strength on the load-displacement curve near the peak
force with the fracture toughness now fixed at I'ss(!) = 8]/m?2, where 0! = 8.5MPa was selected as the strength value. In
this case, convergence was achieved (error less than 1%) with only one iteration and thus the two parameters (o =8.5 MPa
and I'; = 8]/m?2) along with Ky = 7.5 x 102 N/m? give a satisfactory traction-separation relation for this specimen. The
same procedure was followed for all specimens in the present study and the results are presented in Section 4.

3.3. A kinetic bond rupture model

The bilinear traction-separation relations determined by the iterative method indicate the rate dependent fracture of the
silicon/epoxy interface, which are specific to the applied separation rates in the DCB experiments. To understand possible
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origins of the rate dependence and to predict fracture at different rates, a mechanism-based model is needed. In this sub-
section, we propose a rate-dependent cohesive zone model based on the kinetic bond rupture mechanism as a bottom-up
approach, following the spirit of Bell (1978) and Freund (2014).

The fracture of an interface is considered to be the result of thermally activated bond breaking processes. Let N(t) be the
number of intact bonds per unit area of the interface at the time t. The rate of thermally activated bond breaking follows
the Arrhenius law, namely

N(t) 1 &
NE _ L exp(=£2), 36
v~ 5 (r) G:6)
where ¢, is the energy barrier that depends on the specific bonds and the force applied to the bonds, and ¢, is a microscopic
time scale that depends on temperature T and can be taken as ty = h/(kgT)(Hdnggi et al., 1990), with Boltzmann constant
kg = 1.38 x 10~23]/K and Planck constant i = 6.626 x 10~34J«s. Eq. (3.6) is essentially the same as Bell’s model for cell ad-
hesion but without the bond formation term on the right hand side. Moreover, Eq. (3.6) follows the classical transition-state
theory, which turns out to be a special case and upper bound for the more general reaction-rate theory (Hanggi et al., 1990).
As noted by Freund (2014), the statistics of bond breaking for a large number of nominally identical bonds can be re-
interpreted equivalently as the survival probability of each single bond. Define the bond survival probability as
N(t)
R(t) = —= 7
O =3 (3.7)
where Ny is the initial number of intact bonds (per unit area). Combining Egs. (3.6) and (3.7), the bond survival probability
follows a rate equation as

R 1 Ep
Rk exp <_k,7>' (3.8)

A damage parameter D can be defined as the proportion of the broken bonds, which is related to the bond survival proba-
bility as:

D=1-R (3.9)
Then, the evolution of the damage parameter follows a similar rate equation through:

oD 1-D &p

a5 () 310

The traction transmitted across the interface is proportional to the number of intact bonds per unit area, i.e.c = Nfj, with
fp being the force per bond, which can be written as a function of both the separation and the damage parameter, namely,

0(8,D) = (1-D)f(8), (3.11)

where f(§) is a function that describes the traction-separation relation when there is no bond breaking (D = 0). With
Egs. (3.10) and (3.11), we formulate a rate-dependent cohesive zone model, where the energy barrier ¢, and f{(§) may be
determined for specific bonds or interactions. As a simple example, we assume linear functions for both f{§) and ¢, as
follows:

f(8) = Ko, (3.12)

(o2
Ep==¢&o (1 - O’C(1—D)> (313)

With Eq. (3.12), Eq. (3.11) becomes the same as Eq. (3.5) with an initial stiffness Ky (which can be related to the individ-
ual bond stiffness S, as Ky = NySp), but the damage evolution in Eq. (3.10) is rate dependent and different from Eq. (3.4).
By Eq. (3.13), the energy barrier for bond breaking is assumed to decrease linearly with the force acting on each bond
(fy = 0 /N)), similar to Bell’s model (Bell, 1978), where ¢ is the equilibrium bond energy and o is a critical stress for in-
stantaneous bond breaking (o. = Np f;.), with f,. being the critical force for each bond). When the traction is tensile (o > 0),
the interfacial bonds are stretched, and the energy barrier is reduced, thus increasing the probability of bond breaking.

A length scale can be defined as: Iy = o./Ky, which is the critical separation for instantaneous bond breaking when D = 0.
Normalizing the traction by o, the separation by the length scale Iy, the time by the time scale t,, we obtain

6 (8.D) = (1-D)s. (3.14)
oD €0 S
57 = (1-D)exp (’kTT(I 75)). (3.15)

Now consider the case with a constant separation rate §. By Eqs. (3.14) and (3.15), the normalized traction-separation re-
lation depends on two parameters, the normalized separation rate § = §ty/ly and bond energy &, = £o/(kgT). For a given
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Fig. 5. (a) Normalized traction-separation relations and (b) damage evolution, for different local separation rates; (c) Rate-dependent fracture toughness
and strength predicted by the kinetic model; (d) Effect of the normalized bond energy on the traction-separation relation.

bond energy (&g = 10), the traction-separation relations (Fig. 5a) and damage evolution processes (Fig. 5b) are both rate
dependent. The initial stiffness (Ky) is rate independent, corresponding to the early stage of separation with D~ 0. As the
thermally activated bond rupture takes place at the interface, the damage increases and the tangent stiffness decreases. Con-
sequently, the traction first increases and then decreases after a peak value (strength), eventually approaching zero when all
bonds are broken (D =1 and o = 0). Integrating the traction-separation relation yields the fracture toughness, namely

Iy = /Oood(s. (3.16)
0

Evidently, both the strength (peak traction) and the toughness increase with increasing separation rate (Fig. 5¢), qualitatively
in agreement with the DCB experiments. By dimensional considerations, the normalized interfacial strength and toughness
can be written as

%‘" = Gmax (8 50), (3.17)
r .z
== F(S, 8()). (3.18)

The effect of the normalized bond energy is presented in Fig. 5d. As the ratio between the bond energy and the thermal
energy (kgT) increases, the softening part of the traction-separation relation becomes more abrupt. In the limiting case when
&y — oo (e.g., T = 0K), the thermally activated bond rupture mechanism would be completely suppressed so that there is no
damage evolution, and the traction would increase linearly up to the critical stress o and then drop to zero as all bonds
would break instantaneously. For &y < oo, the bond breaking process is thermally activated before the traction reaches the
critical level, leading to lower strength and lower toughness. The range of interaction is also reduced as the traction drops
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Fig. 6. (a) Schematics of a symmetric DCB specimen; (b) Deflection of one beam with tractions ahead of the crack tip.

to zero before the bonds are stretched to the critical level. This result suggests a temperature effect through the normalized
bond energy (&9 = €¢/(kgT)). For a given bond energy &g, the interfacial strength and toughness decreases with increasing
temperature. It should be noted that the temperature also affects the time scale, ty = h/(kgT), which would influence the
normalized separation rate.

3.4. A rate-dependent DCB model

In the DCB experiments, the displacements and separation rates were controlled at the loading points, far away from the
crack tip. The local separation rate at the crack tip however was different and not controlled. The relation between the global
and local separation rates would generally depend on the specific interactions and bond breaking processes, which may be
simulated by a cohesive zone model. In a previous study (Gowrishankar et al., 2012), we solved the DCB problem with a
rate-independent, bilinear traction-separation relation. Here, with the rate-dependent cohesive zone model (Section 3.3), we
solve the DCB problem (Fig. 6) to simulate the experiments with different separation rates applied at the loading points,
which would allow us to directly compare the model predictions with the experiments.

For a symmetric DCB specimen, the deflection of each beam (Fig. 6b) is related to the interfacial traction by the simple
beam equation:

(O
x4

where « = E;I; is the bending modulus of the beam, and by symmetry the interfacial separation is: § = 2w. The epoxy layer
between the two beams is ignored for this analysis. For the interfacial strength and toughness levels that are encountered
here, this has been shown to be a reasonable assumption (Wu et al., 2019).

Let x = 0 at the initial crack tip (t = 0). The DCB specimen is loaded at x = —a with a ramp displacement: w(x = —a,t) =
At/2, where A is the global separation rate. For —a < x < 0, the interface is fractured with D =1 (no bonding) and ¢ = 0.
By Eq. (3.19), the normal crack opening displacement (NCOD) is obtained as (Gowrishankar et al., 2012)

§(x,t) = 8%(t) — x0° (1) + P(;)(“3 <3(")2 + (")3>, (3.20)

— _bo, (3.19)

a a

where §%(t) is the crack-tip opening displacement (CTOD) and 6*(t) is the crack-tip opening angle (CTOA), both depending
on the interactions ahead of the crack tip. At x = —a, § = At and the applied force is:

P(t) = %[At—S*(t) —af* ()] (3.21)

For x > 0, the simple beam Eq. (3.19) is coupled with the rate-dependent traction-separation relation given by Eqs. (3.14) and
(3.15) in the normalized form. The boundary conditions are: (1) At the crack tip (x = 0), the continuity conditions are applied
for deflection (8 = §*), rotation (8’ = —6*), bending moment (8” = 2Pa/x) and shear force (§" = 2P/« ); and (2) at the end
of the beam (x =L — a), the clamped conditions are assumed by setting § = 0 and 8’ = 0. The boundary value problem was
then solved numerically by a finite difference method (see Appendix).

When there is no damage evolution (D = 0), the DCB problem reduces to the beam on elastic foundation model, with
Eq. (3.2) for the load-displacement response. A characteristic length scale for the BEF model is: I; = 1/A, where A = (’%")1/4.
This length scale is typically much larger than the microscopic length scale for bond breaking (lg = o./Kp). In addition, the
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crack length and the beam length are often larger than I;. To bridge the length scales, we normalize x and the crack length
by l4, but normalize the beam deflection and separation by ;. Consequently, the beam Eq. (3.19) becomes

345

ax4
Similarly, in addition to the microscopic time scale (tg) for the thermally activated bond rupture, the applied global sep-
aration rate defines an experimental time scale: t; = lp/A, which is typically much larger than t,. It is thus desirable to
re-normalize the rate Eq. (3.15) using the experimental time scale t; as:

oD tq &o s

3= (-Dew <_I<ITT(1 —3)>, (3.23)
where the ratio to/t; is essentially the normalized separation rate applied at the loading point. After re-normalization, the
DCB problem depends on four dimensionless parameters: to/t{,69 = &9/ (kgT), @ = Aa (normalized initial crack length), and
L = AL (normalized specimen length).

Solving the normalized equations in (3.22), (3.23) and (3.14) with normalized boundary conditions (see Appendix), we
obtain a normalized load-displacement response for a DCB specimen as shown in Fig. 7a. Here, we take t;/to = 100§, = 30,
d=15 and L = 50. For a constant separation rate (A), the normalized separation at the loading point is identical to the
normalized time (A = At/ly =t/t; = ). The force at the loading point (Fig. 7a) first increases almost linearly and then
decreases, like the experiments (Fig. 2a). The crack-tip opening displacement (CTOD) increases with time monotonically
(Fig. 7b), but the local separation rate changes. Initially, when the damage is nearly zero, the CTOD increases almost linearly
with a constant local separation rate, as expected from the BEF analysis (Gowrishankar et al., 2012):

— 45, (3.22)

-1
) _ 1
8 _A(3(1+a) +3(1+d)) . (3.24)
With a >> 1, the local separation rate at the crack tip is much smaller than the applied separation rate (8* << A). The
separation rate at the crack tip starts increasing as the damage accumulates. The damage evolution near the initial crack tip
is shown in Fig. 7c. The damage at the crack tip reaches 1 at f = 36.7, beyond which the crack starts to grow. The change
of crack length is shown in Fig. 7d. Interestingly, even after the crack starts growing, the force at the loading point keeps
increasing until  ~ 50 (Fig. 7a), at which point the crack has grown by Aa ~ 1 (Fig. 7d).

The normalized traction-separation relations are shown in Fig. 7e at different locations of the interface ahead of the
initial crack tip (X = 0 ~ 4). Interestingly, the traction-separation relation varies with the location up to x = 2, after which
it becomes independent of the location. As noted earlier, the local separation rate at the initial crack tip is not a constant
for the DCB specimen, unlike the case in Fig. 5. Moreover, the loading history could be different at different locations ahead
of the initial crack tip, resulting in different traction-separation relations. Eventually, the crack growth reaches a steady-
state, after which the traction-separation relation follows the same curve (e.g., X = 3, 4), indicating the same loading history
for every point ahead of the crack tip during the steady-state fracture. In this case (Fig. 7), the steady state is reached
when the crack tip advanced to X =2 (or Ad~ 2), corresponding to £ ~ 60. The steady state can also be seen from the
damage distribution in Fig. 7c, where a damage zone can be identified ahead of the crack tip with 0 <D <1 and remains
nearly identical in the steady state. More clearly, by shifting the damage distribution curves to the left by the distance of
crack growth, we replot in Fig. S1(a) (see Supplementary Fig. S1) the development of the damage zone ahead of the crack
tip, where the damage distributions during the steady state collapse onto the same curve. Moreover, we plot the traction
distributions ahead of the crack tip in Fig. S1(b), corresponding to the damage distributions before and after the steady state.

The J-integral of a DCB specimen, by its definition, can be calculated with a contour enclosing the interface from the
crack tip (X = 0) to the clamped end (X = L — @), which leads to

[—a N
f= /O 5. g%a)z, (3.25)

where J = J/(oclp) is the normalized J-integral. If the traction-separation relation is identical for all points along the interface,
the J-integral in Eq. (3.25) can be reduced to an integral of the traction-separation relation at the initial crack tip, namely

1:/0 5d3. (3.26)

Eq. (3.26) has been widely used to extract traction-separation relations for rate-independent cohesive zone models
(Gowrishankar et al., 2012; Wu et al., 2016). However, for the rate-dependent cohesive zone model considered here, the
traction-separation relation at the initial crack tip is different from that in the steady state (Fig. 7e). As a result, Eq. (3.26) is
generally incorrect, and Eq. (3.25) should be used instead. As shown in Fig. 7f, by Eq. (3.26), the J-integral remains constant
after crack growth, which is actually the J-integral for crack initiation (J = I'g). By Eq. (3.25), the J-integral increases and
reaches a steady state value, a typical behavior for a fracture resistance curve (R-curve). Apparently, the J-integral for crack
initiation corresponds to the traction-separation relation at the initial crack tip, and the J-integral for the steady state corre-
sponds to the steady-state traction separation relation at a location ahead of the initial crack tip (e.g., X = 3, 4). We note that,
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Fig. 7. Numerical results from the rate-dependent DCB model: (a) load-time response; (b) crack-tip opening displacement; (c) damage parameters along
the interface at different times; (d) crack growth; (e) traction-separation relations at different locations along the interface; (f) normalized J-integral versus
the change of crack length as the fracture resistance curve obtained by Egs. (3.25) and (3.26).
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(A =8.5mm/s,ap= 19mm, L = 38mm) by the rate-dependent DCB model.

for the rate-independent cohesive zone models, the same traction-separation relation is often assumed for the entire inter-
face, and to predict the R-curve, crack growth is assumed to initiate at the peak traction. For the bilinear traction-separation
relation (Fig. 3), the J-integral for crack initiation would be 'y = 002 /(2Ky) and the steady-state toughness is: I'ss = 08¢/2.
Such assumptions are unnecessary for the rate-dependent cohesive zone model, which naturally predicts a rate-dependent
R-curve as a result of the kinetic damage evolution process.

The rate-dependent cohesive zone model predicts different load-displacement responses as shown in Fig. 8a for different
global separation rates (t;/tp = 101,10, 10%), and the corresponding R-curves are shown in Fig. 8b. With the same pa-
rameters for an interface, (ty,Kg.e0,0¢), as the applied separation rate increases (t;/ty decreasing), the normalized peak force
increases and the interface shows more resistance to crack growth, with both the initiation and steady-state J-integrals
increasing (Fig. 8b), similar to the R-curves obtained from the DCB experiments (Fig. 10b).

To compare with the DCB experiments, four parameters, (ty,Kg,e9,0¢), are needed in the rate-dependent cohesive zone
model. For all specimens, the microscopic time scale is set by the temperature as ty = ii/(kgT) (~10~13s), and the stiffness
is taken to be Ky = 7.5 x 10'2N/m3 based on the BEF analysis. The other two parameters, the critical stress (o) and the
bond energy (eg), both affect the resulting load-displacement response of the DCB experiment. As shown in Fig. 9, the peak
force is elevated by an increase in the critical stress or the bond energy, whereas the slope of the descending portion of the
load-displacement response decreases as the bond energy decreases. For each specimen, we determine the two parameters
by an iterative procedure similar to that in Section 3.2: (i) First, fix the value of the bond energy and select a value for
the critical stress so that the model can predict the same peak force as the experimental data; (ii) Next, slightly adjust the
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Table 1
Values of the rate-dependent properties of the silicon/epoxy interface associated with the bilinear traction-separation
relations obtained from the BEF analysis.

A (mm/s) Specimen No. h, (um) @y (mm) Ko (x 102N/m3) T (J/jm2) T (J/jm2) oo (MPa)

0.042 1 1.2 12.2 7.5 3.9 7.8 7.7
2 5.1 12.9 6.6 53 6.5 8.4
3 133 15.8 7.1 6.8 8.6 9.8
4 393 13.4 7.5 6.1 7.3 9.5
0.42 5 8.0 12.3 8.1 8.0 11.5 11.4
6 10.2 13.1 6.9 8.1 10.5 10.6
7 22.0 139 7.5 7.1 9.0 10.3
8 25.7 17.8 6.8 8.0 10.0 11.0
2.1 9 4.5 21.8 7.7 125 19.0 13.7
10 5.1 237 6.9 11.0 15.0 12.3
11 10.2 16.6 6.5 15.5 20.3 14.2
4.2 12 25 223 8.7 14.0 19.0 15.6
13 9.0 213 8.1 15.4 213 15.2
14 10.8 18.8 6.0 18.7 225 15.0
8.5" 15 5.7 17.3 7.5 20.9 22.0 17.7
16 7.6 19.1 20.0 23.8 17.3
17 19.1 17.6 20.5 24.5 17.5

* For the case with A =8.5mm/s, the initial crack length was not measured directly. Instead, it was determined
by Eq. (3.2) using the average stiffness of the interface, Ko = 7.5 x 10'> N/m?, along with the initial slope of the load-
displacement response.

value of the bond energy to “rotate” the descending portion of the load-displacement curve; (iii) Repeat steps (i-ii) until the
load-displacement response agrees with the experiment satisfactorily. The results are discussed in Section 4.

4. Results and discussion

A total of 17 DCB specimens were used in experiments with at least 3 specimens for each of the 5 applied separation
rates (Table 1). The load-displacement response was measured for each specimen (see Supplementary Fig. S2), and Fig. 10a
shows five of them, one for each separation rate. In Section 3, we presented three methods to analyze the DCB experiments.
First, a direct method based on the beam on elastic foundation (BEF) model can be used to estimate the crack growth and
the J-integral. The stiffness of the elastic foundation was determined by fitting the linear portion of the load-displacement
curve (Fig. 2a) for each specimen. The results show similar stiffness for different separation rates (Table 1 and Fig. S3a in
Supplementary Materials), and the average value, Ky = 7.5 + 0.5 x 10'2N/m3, was then used as the rate-independent stiff-
ness for the subsequent analyses. We note that, by Eq. (3.2), the initial slope of the load-displacement response (Fig. 10a)
depends on the initial crack length, which varies from specimen to specimen. In addition, the critical value of the J-integral
for initiation of crack growth (I'g) and the steady-state fracture toughness (I'ss) can be estimated directly from the resis-
tance curves (Fig. 10b) following the procedure presented in Section 3.1 (Fig. 2). Then, the strength of the interface can
be estimated as oy = /2Ky assuming a bilinear traction-separation relation (Fig. 3). The results for all specimens are
summarized in Table 1. Furthermore, we plot the interfacial properties versus the epoxy thickness at each separation rate
(see Supplementary Fig. S3). Based on these results, we find: (1) the stiffness (Ky) is independent of the rate or the epoxy
thickness (Fig. S3a), and thus can be treated as a constant; (2) the steady-state toughness (I'ss) and the interfacial strength
(o) are independent of epoxy thickness (Fig. S3 b-c) but depend on the seperation rate (Fig. 10c and d); (3) there is no
clear dependence of the difference between I'g and I'ss on the epoxy thickness (Fig. S3d). Overall, the epoxy thickness has
a negligible effect on the interfacial properties obtained by the direct method. For all the specimens, the obtained values
for the interfacial strength are well below the expected yield strength of the epoxy of ~75MPa (Na et al., 2015). Therefore,
we do not expect any significant plastic deformation in the epoxy. On the other hand, if the strength of the interface were
higher than the strength of epoxy, similar to the cases considered by Tvergaard and Hutchinson (1996), large-scale yielding
of the epoxy would be expected and the results would then depend on the epoxy thickness. Moreover, since the epoxy is
in its glassy state at the room temperature, the effect of bulk viscoelasticity is negligible, and thus the rate dependency is
primarily due to the interfacial fracture process.

The values of Ky, 0, and I'ss obtained from the BEF analysis provide the first guess for a bilinear traction-separation
relation for each specimen. Then, by the iterative method (Section 3.2), we adjusted the values of o and I'ss in the finite
element simulations to best fit the load-displacement responses (see Supplementary Fig. S4), although the same stiffness,
Ky = 7.5 x 1012N/m3, was used in all cases. The traction-separation relations thus obtained are rate dependent as shown in
Fig. 10e for the five specimens corresponding to those in Fig. 10a (specimens no. 1, 8, 9, 13, 16 in Table 1). Similar to the
BEF results, both the strength and toughness of the silicon/epoxy interface increased as the applied separation rate increased
(Fig. 10c and d).

The increase in interfacial toughness and strength with increasing separation rate is interesting because the epoxy
being considered here is in its glassy state and the toughness of bulk epoxy specimens decreases with separa-
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Table 2
Values of the parameters for the silicon/epoxy interface associated with the rate-dependent cohesive zone
model.

A (mm/s)  Specimen No. ap (mm)  §&* (um/s) o (MPa) T (Jjm?) T (J/m?) oo (MPa)

0.042 1 12.2 0.256 15.7 6.66 7.50 9.68
2 12.9 0.230 14.4 6.12 6.88 8.91
3 15.8 0.264 16.3 6.91 7.78 10.1
4 134 0.244 15.2 6.44 7.26 9.40
0.42 5 15.6 2.52 18.0 9.55 10.7 11.8
6 13.1 2.24 17.3 9.60 10.3 113
7 139 2.00 16.0 8.51 9.48 10.5
8 17.8 1.25 17.0 8.56 9.92 11.0
2.1 9 21.8 4.24 223 15.9 18.3 14.8
10 12.7 3.61 20.5 14.6 16.8 13.6
11 16.6 7.14 22.7 16.4 18.9 15.2
4.2 12 173 8.11 22.8 17.9 20.6 154
13 213 8.86 235 18.6 213 159
14 18.8 11.3 243 19.3 221 16.5
8.5 15 17.3 26.7 24.2 20.1 23.0 16.8
16 19.1 221 24.7 204 233 17.0
17 17.6 25.9 24.5 20.5 233 16.9

tion rate (Makhecha et al, 2009). The results presented here for interfacial fracture parallel those presented in
Rakestraw et al. (1995) for steel/epoxy interfaces. Thus, it appears that the noted rate dependence may be related to an
interphase region (Drzal, 1986; Khanna et al., 2003; Liechti et al., 2000; Liu et al., 2016; Sharpe, 1972; Williams et al., 1990)
or the pullout of epoxy ligaments (Neggers et al., 2015; Swadener et al., 1999). In either of these scenarios, bond rupture
must be a feature of interfacial failure.

For the third method, we proposed a rate-dependent cohesive zone model based on the kinetic bond rupture mecha-
nism (Section 3.3) and solved the DCB problem numerically (Section 3.4). Ideally, with four parameters, (ty,Kg,e0,0¢), this
model should be able to explain and predict the rate-dependent fracture of a specific interface (e.g., the silicon/epoxy in-
terface) in all specimens. However, in order to fit the experimental data, one of the four parameters (o.) had to be ad-
justed, whereas the other three are constants. In particular, the stiffness is the same as that obtained by the BEF analysis:
Ky = 7.5 x 1012N/m3. The microscopic time scale is set by the temperature, to = h/(kgT) (~10~13s). The bond energy ¢, is
found to be around 1.5eV for all specimens. The values of the critical stress are listed in Table 2. Fig. 10a shows the com-
parison of the load-displacement responses between the numerical results and the experiments for the five specimens at
different separation rates. Similar comparisons for all specimens are shown in Supplementary Material Fig. S2.

The bond energy of 1.5eV is somewhat lower that the values associated with Si-C and Si-H bonds at 4.35 and 2.98 eV,
respectively. The extracted critical stress values ranging from 14 to 25MPa are also lower than the 75MPa yield strength
of this epoxy (Na et al., 2015). These comparisons suggest that the interfacial bonds are not all covalent bonds and could
be a mixture of primary and secondary bonds. In addition, bond breaking models that are targeted at specific bonds, as
identified, for example, by X-Ray Photoelectron spectroscopy of fracture surfaces (Swadener et al., 1999) may reconcile some
of the differences noted here.

The critical stress of the interface may depend on the local separation rate. As noted in Fig. 7b, by the rate-dependent
cohesive zone model, the local separation rate at the initial crack tip (%) is nearly a constant up to the initiation of crack
growth. According to Eq. (3.24), the local separation rate depends on the initial crack length of the DCB specimen and the
applied separation rate (A). By plotting the critical stress versus the local separation rate for all specimens as shown in
Fig. 11, we observe an interesting transition: the critical stress is approximately constant at low and high separation rates,
but undergoes a transition from about 15.5MPa to 24.5MPa for the intermediate separate rates (from 2 to 10pum/s). This
transition suggests possibly different mechanisms for the critical stress at the low and high separation rates, which could
be related to other mechanisms such as chain pull-out (Kogan et al., 1996; Xu et al., 1991). Further studies are needed to
elucidate the effects of different mechanisms.

With the rate-dependent cohesive zone model, the traction-separation relations at the initial crack tip are shown in
Fig. 10f for the five specimens in comparison with the bilinear traction-separation relations in Fig. 10e. As noted in Fig. 7e,
the traction-separation relation at the steady-state is different from that at the initial crack tip. Consequently, both the
peak stress and the fracture toughness corresponding to the steady-state traction-separation relations are higher than those
at the initial crack tip. Fig. 10c compares the steady-state fracture toughness obtained by all three methods and Fig. 10d
compares the peak stress, both plotted versus the separation rate (A) applied at the opening end of the DCB specimen.
More appropriately, the interfacial properties are plotted versus the local separation rate (§*) in Fig. 12.

The fracture toughness and strength obtained by the three methods are comparable overall. The BEF model allowed
direct extraction of the interfacial properties, although the damage process during fracture was not explicitly accounted
for. By assuming a bilinear traction-separation relation, the iterative method considers the damage process in a particular
way, with which the numerical results by finite element analyses could fit the experimental data very well. However, as a



16 T. Yang, X. Yang and R. Huang et al./Journal of the Mechanics and Physics of Solids 131 (2019) 1-19

30
25’ ‘_.__‘_‘__:
T .- 5
/
o
= 20| *)/ 1
bo .//
o o7
Y /
- SRR Y
15 i
10 : :
107" 10° 10"

Local separation rate (um/s)

Fig. 11. The critical stress of the interface versus the local separation rate for all specimens.

(b) 5

! A
A BEF % A BEF
e Iterative method - A e [terative method
»  Kinetic model A'. = Kinetic model
20 - 1 "
wh
- $ 15 . A 1
¢ LE - E .‘ A
> L
NI 15+ A 1 6 A
2 S s =
~ L
A 10 + y | = 1
: g & o
10 1 i
[A A
5 . —aaia ) PPN | - 5 1 1
107" 10° 10° 102 1071 10° 10" 107

Local Separation Rate (pm/s) Local Separation Rate (pm/s)

Fig. 12. (a) Steady-state fracture toughness and (b) interfacial strength obtained by the three methods, versus the local separation rates at the crack tip.

phenomenological model, the parameters of the bilinear traction-separation relation must be determined for each specific
separation rate and may be limited to specific specimen geometry. Thus, without any specific underlying mechanisms, the
phenomenological model would not be predictive of the rate dependence.

By assuming a thermally activated bond rupture mechanism, we have proposed a rate-dependent cohesive zone model,
which can be used to explain the rate dependence in the DCB experiments and may be used to predict time and rate-
dependent failure of the same interface in other geometries. The comparison with the DCB experiments is promising, al-
though one of the four parameters had to be adjusted for different rates. This caveat may be related to statistical uncer-
tainties with the specimen, where the interfacial bonds may not be identical or intact in all specimens as prepared. It is
also possible that other mechanisms not considered in this model may be at play. Nevertheless, the proposed model is in-
trinsically rate dependent, and the DCB experiments provided clear evidence of similar rate dependency but also revealed
the necessity of considering additional mechanisms in order to fully understand the rate-dependent fracture of the specific
interface.

5. Conclusions

Silicon/epoxy/silicon sandwich specimens were loaded under nominally mode I conditions over a range of separation
rates with a view to examining the rate-dependent fracture of the silicon/epoxy interface. Three methods are used to extract
the interfacial properties, including a direct method based on the BEF model, an iterative method with bilinear traction-
separation relations, and an intrinsically rate-dependent cohesive zone model. The key findings are summarized as follows.
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The BEF model allowed direct extraction of the interfacial properties, although the damage process during fracture was
not explicitly accounted for. The obtained fracture resistance curves are rate dependent for the DCB specimens, with both
the steady-state toughness and the strength increasing as the applied separation rate increased.

By assuming a bilinear traction-separation relation, the iterative method considers the damage process in a particular
way, with which the numerical results by finite element analyses could fit the experimental data very well. Similar to
the BEF results, both the strength and toughness of the silicon/epoxy interface increased as the applied separation rate
increased. However, as a phenomenological model, the parameters of the bilinear traction-separation relation must be
determined for each separation rate and may be limited to specific specimen geometry. Without considering any specific
mechanisms, such a phenomenological model does not have the capability of predicting the rate dependence.

A specific mechanism is considered for the intrinsically rate-dependent cohesive zone model. As a fundamental departure
from the typical cohesive zone models, the damage evolution is a kinetic process based on thermally activated bond rup-
ture with a microscopic time scale. As a result, the predicted traction-separation relation depends on the local separation
rate, with both the toughness and the strength increasing as the local separation rate increased.

The DCB problem was solved numerically by incorporating the rate-dependent cohesive zone model. Interestingly, the
predicted traction-separation relation varies along the interface from the initial crack tip to a particular distance un-
til it reaches a steady state. This is in stark contrast with a typical cohesive zone model that assumes an identical
traction-separation relation everywhere along the interface for each specimen. Consequently, rate-dependent fracture
resistance curves are predicted by the proposed model, with the J-integral for crack initiation corresponding to the
traction-separation relation at the initial crack tip and the steady-state toughness corresponding to the steady-state
traction-separation relation at a location ahead of the initial crack tip.

Ideally, with four parameters, (ty,Ko,e9,0¢), the proposed rate-dependent cohesive zone model should be able to explain
and predict the rate-dependent fracture of a specific interface (e.g., silicon/epoxy interface). However, to fit the experi-
mental data, one of the four parameters (o) had to be adjusted. The critical stress (o) is approximately constant at low
and high separation rates, but undergoes a transition from about 15.5MPa to 24.5 MPa for the intermediate local separate
rates (from 2 to 10um/s). Further studies are needed to elucidate the underlying mechanisms for this transition.

Finally, as a perspective, the mechanism-based, rate-dependent cohesive zone model offers a promising step toward mod-
eling rate-dependent fracture of interfaces. In addition, the same model could be used to study time or history dependent
fracture such as delayed fracture under static loading and fatigue crack growth under cyclic loading conditions.
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Appendix A: A finite difference method for the rate-dependent DCB model

By the finite difference method we discretize the normalized beam Eq. (3.22) as
Bevz — 48yi1 + 68 — 481 + 8y = —4(AR) (1 - D)6y, (A1)
where, AX = L*T” and 0<k<n (with node 0 at the crack tip and node n at the clamped end of the beam). To discretize

the boundary conditions, three dummy nodes are used, (5_5,8_;) for the crack tip and (S,«H,]) for the clamped end. The
continuity conditions at the crack tip (X = 0) are discretized as:

S0 =98"

81— 6.4 = —2A%6",

< oz oz 3ARY(. o 8 -8,

81—250+8_1— 2 <2t—80+am s (AZ)

6(AR)° (- = .81-8_4
@ (2“50*“2@2*

and the clamped boundary conditions at X =L — a are:

8, =0
On - A3
5n+1 - 51171 =0. ( )

52 — 281 + 2871 — sz =

The second equation in (A.3) indicates that Snﬂ = 8,1, and thus for k =n — 1 Eq. (A.1) becomes:
7801 = 4812+ 813 = —4(AD* (1 = Dy-1)dn 1. (A4)
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The corresponding rate equations can be obtained by taking time derivatives of (A.1), (A.2) and (A.4) as:
Sksa — A8ke1 + 68, — 41 + 82 = —4(A>2)4[(1 —D)by - Dkgk]y
)

(1 B 32Aax>8] _250(1 _3(A%)° ) 14 32Ax)5_] 6(Ax)

242 @
o 3(A%)%\  6(A%)3 : : 3(A%)%Y  : 12(A%)? (A.5)
-28(1 — — 20 41+ —==5—)-02=—=—
§2 81( + 53 >+ Fi 8o + 81( + 28 ) §_3 ) s
7Sn—1 - 4(§n—2 + Sn—3 = _4(A2)4|:(1 - Dn—l)gn—l - Dn—lgn—l]y
which consist of n + 2 equations (k=0,1,---,n—2 in the first equation) and can be re-written in a matrix form as:
MS =f (A6)
where § = (5,2, 5,1, 50, ...Sn,l)T and
= 2(1 + M) s’ 72(1 + “ZA—?Z) 1. 0 0 i
0 (1+9) ~2(1- 209" (-39 o 0
1 —4 6 + 4(AR)* (1 — Dp) —4 1
M —
0 0 0 0 o .. 4 1
0 0 0 0 0 .. 6+4(A%)*(1-D,2) —4
| 0 0 0 0 0 . —4 7+4(A%*(1 =Dy ) |
12(A%)°
a
6(AX)?
@
f=| 4A%'Dody |. (A7)
4(AR) Dp_16,_1
By Eq. (3.23), the rate of damage evolution at each node is:
. t
D= (1 =Dy exp (~ 5 (1-5)). (A8)

Thus, given § and D at all nodes, we calculate the damage rate D by (A.8) and then the separation rate 5 by (A. 6) The
separation and damage are then updated for the next time step as: Dk(“]) = Dk(’) +D,5’) - At and 8,5'*1) 8(’) + 8

For numerical stability and accuracy, the time step was chosen as: At = 10‘3/max(Dk,Sk), and a total number of 1001
nodes (n = 1000) were used to discretize the beam from X=0 to x = [-a. B o

At each time step, the normalized CTOD is 8* = Jy, and the normalized CTOA is 6* = —(§; —8_1)/(2AX). Then, by
Eq. (3.21), the normalized force at the loading point (X = —a) is:

-8+ ZAX((S]—(S ). (A.9)

_ 2d3
where P = 3l P.
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