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experimental measurements. The model is based on an asymptotic K-field formulation re-
lying on cohesive zone elements to simulate the fracture process. A compliant interlayer
tends to increase the interface toughness by promoting plastic dissipation in the thin layer.
Additional toughening can result from the development of plastic strains in the inter-

ﬁé‘fgg'toughness layer. The magnitude of these two toughening mechanisms depends on the film thick-
Multilayer ness, among other parameters. The model predictions are confirmed by comparison with
Finite element modeling wedge-opening test data performed on a multilayer composed of a thin Cu layer and a
Wedge-opening test polymer interlayer embedded between two stainless steel substrates. These findings lay
Plastic dissipation the foundation for the design of tougher multilayers and provide a critical assessment of

experimental protocols for interface toughness measurements requiring the bonding of a
dummy substrate, such as used for DCB or four point bending tests.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Multilayer materials consist of a stack of layers made of different materials with thickness typically ranging from several
nanometers to several hundreds of micrometers. This broad definition encompasses a very wide range of structures and
applications, from composite materials used in the aeronautic industry to microelectromechanical systems (MEMS).

A key parameter for the structural integrity of multilayers is the interface toughness G, usually quantified by the steady-
state critical energy release rate Gy associated to the propagation of a crack along an interface. This value is not only a
function of the work of adhesion Gy but also of other sources of dissipation, mainly plastic (or viscoplastic) dissipation, in
the surrounding layers, e.g., (Tvergaard and Hutchinson, 1994). Hence, it is not always easy to predetermine if an interface
will be “weak” based on physico-chemical arguments only. There are two approaches for interface toughening. The first
one involves a modification of the interface itself, for instance through the generation of microstructural gradients within
the layers surrounding the interface under concern (e.g., entanglement of polymer networks (Brown, 1991)), mechanical
interlocking (Kim et al., 2010; Larsson et al., 2005), crack arrest patterns (Maloney and Fleck, 2019) or complex interface
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morphology (Cordisco et al,, 2016). While efficient, these techniques are restrictive as they imply a complex deformation
and fracture process or can be used only for specific materials. The second approach involves the engineering of multilayers
making optimum use of plastic dissipation. As an example, Bertholet et al., 2007 proposed for an application in molecular
bonding the introduction of a ductile interlayer next to a weak interface, following the generic configuration shown in
Fig. 1. The role of this interlayer is only to deform plastically during the crack propagation at the interface between the
thin layer and the substrate, thus improving the overall toughness. Bertholet et al., 2007 exclusively investigated this kind
of configuration for a thin layer and a substrate made of an identical elastic material and a ductile interlayer with elastic
properties identical to those of the other layers. For such case, the interface gets tougher as the thickness of the thin layer
and of the interlayer decreases and increases, respectively. This is related to an increase in the magnitude of the plastic
strains and plastic zone size in the interlayer. Other examples of a similar strategy exist in microelectronics (Dauskardt et
al.,, 1998; Lane et al., 2000b, 2000a; Matsuda et al., 2014).

The system shown in Fig. 1 has other applications in which the interlayer is generally not introduced on purpose.
When testing the adhesion of thin films on a substrate, the use of test configurations such as double cantilever beam
(DCB) or four point bending require the bonding of an extra substrate (sometimes called “dummy substrate” or “super-
strate”) in order to allow storing enough elastic energy to drive the cracking process along the interface (e.g., Dupont
et al., 2013; Gandhi et al.,, 2007; Huang et al., 2005; Hughey et al.,, 2004; Kim et al., 2012a, 2012b; Kljucar et al., 2015;
Lee et al, 2012; Lemonds et al., 2002). The glue then acts as an interlayer which might dissipate energy that is ex-
trinsic to the true toughness of the interface. This effect will be investigated in the present study through the pro-
posed application/assessment, and could potentially impact a vast range of measurements performed in experimental labs
throughout the world. Another example is given by polymer coatings deposited on anodized or ceramic protected sub-
strates, for instance painting on anodized aluminum. In such case, a crack running at the interface between the substrate
and the hard coating might lead to plastic dissipation in the polymer as well (this is a case where there is no extra
substrate).

The present paper further investigates the effect of dissipative interlayers on enhancing interface toughness for a broad
range of mechanical properties and dimensions. More precisely, the objective is to unravel the effect of the elastic behavior,
yield strength and thickness of both layers (see Fig. 1) on the interface toughness based on a finite element framework.
To this aim, a model based on the earlier works of Tvergaard and Hutchinson (1996, 1994, 1993, 1992) has been de-
veloped, referred to as the K-field model. Computations are performed under small scale yielding (SSY) conditions with
an applied far-field displacement corresponding to a mode I remote energy release rate G using the usual linear elas-
tic fracture mechanics (LEFM) relationships. The crack advance at the interface is simulated by a traction-separation law
identified by a work of separation Gy and a strength o.. Steady-state crack propagation occurs for G = G that is iden-
tified with the interface toughness G.. The determination of the amplitude of the plastic dissipation ¢ = Gs — Gp is
therefore straightforward and its dependency to various parameters can be directly investigated. The toughening effect re-
lated to the presence of the interlayer is assessed by performing similar simulations for a monolayer system (i.e., without
interlayer).

For the sake of validation, the particular effect of the thickness of a ductile layer (1) (see Fig. 1) bonded to a com-
pliant ductile interlayer (2) will be assessed for the specific case of a Cu coating (ductile layer (1) here) deposited
on steel and bonded with a glue (interlayer (2)) to another steel substrate. A modified wedge opening test proce-
dure involving the measurement of the out-of-plane displacement profile of the arm of the specimen was developed
to characterize the interface toughness. One of the difficulties is related to the presence of internal stresses in the Cu
layer.

The outline of the paper is the following. The experimental procedures for specimen preparation, the wedge opening test
and the determination of the residual stresses are described in Section 2. Section 3 presents the K-field formalism used in
the numerical simulations, along with the constitutive relationships and numerical methods. The limits of the model are also
briefly discussed. The results of the parametric study are presented and discussed in Section 4, and the experimental results
are discussed and compared with the numerical simulations in Section 5. Potential applications based on the numerical and
experimental results are briefly discussed in the concluding section.

substrate

thin layer (1)
interlayer (2)

substrate

Fig. 1. Schematic drawings of the multilayer system involving a dissipative interlayer. The arrow represents the interface of interest.
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Fig. 2. Schematic representation of the tested multilayer system .

Table 1

Number of measurements for each specimen.
he (um) 0.5 1 1.5 2 2.5
Pressure (Pa) 045 047 058 0.62 0.8
Number of measurements 14 14 12 4 12

2. Experimental protocol
2.1. Wedge opening tests

2.1.1. Specimen preparation

Wedge opening tests were performed on 10 x 70 x 0.4 mm? multilayered specimens as represented in Fig. 2. Copper de-
position was performed on square 115 x 115 x 0.4mm? stainless steel plates. Prior to the deposition process, the substrate
was first cleaned in an ultrasonic bath with Methyl Acetate. The substrate was then introduced in the deposition chamber,
where it underwent an ionic etching using a pulsed DC current source at 1.5A to remove the residual oxide layer or other
contaminants. The deposition chamber was then put under high vacuum (lower than 102 Pa), and the copper coating de-
posited under Argon atmosphere at a pressure ranging from 0.45 to 0.6 Pa. The generator used to induce the plasma was an
Advanced Energy Pinnacle plus +10kW. The target diameter was equal to 150 mm and the distance with the substrate was
70 mm. The deposition was performed under DC current at an intensity of 0.5A. The coated plate was subsequently cut at
proper dimensions, and the upper substrate was bonded to the Cu layer using a cyanoacrylate adhesive. The adhesive was
applied with a brush in order to obtain a thickness as uniform as possible. The two parts were then pressed together for at
least 12 h. Finally, a groove was made on the lower and upper substrates to facilitate the wedge insertion.

No pre-crack is inserted during the processing of the multilayer, thus the crack is susceptible to propagate along any
of the three possible interfaces. Crack always follows the path offering the least resistance against propagation, thus crack
propagation along the copper/stainless steel interface can be enforced by ensuring that this interface is weaker than the
two other interfaces (i.e., on each side of the adhesive). The preparation of these two interfaces prior to the application of
the adhesive is therefore very important and was made as follows. The Cu film was rinsed with norvanol (83.5% ethanol,
2.5% ether, 14% water) and dried with air. The roughness of the upper substrate was increased using SiC abrasive paper, then
cleaned with demineralized water, rinsed with norvanol and dried with hot air. Specimens were produced with five different
thicknesses of the Cu layer h¢, ranging from 500 nm to 2.5pm, with their corresponding deposition pressure summarized in
Table 1. The thickness of the cyanoacrylate adhesive h; was not measured but is estimated to be around 50 pm.

2.1.2. Interface fracture tests

The mode I fracture energy was obtained using an adapted wedge opening test procedure, schematized in Fig. 3a. The
crack was advanced by inserting a razor blade of thickness D=100um between the substrates arms. For a symmetric spec-
imen, the adhesive fracture energy G is derived from the crack length a such that:

32 2
Go= —SEhaD” (4 g g7aMa) (1)
16a%(1 — v:?) a

where Eg, vs and hg are the Young’s modulus, the Poisson ratio and the thickness of the arm, respectively. The corrective
factor term (1 + 0.674hg/a)? takes into account the effect of the root rotation associated with the presence of shear stresses
in the near crack tip region (Li et al., 2004). The experimental system depicted in Fig. 2 is not perfectly symmetric as the
crack propagates between the copper film and the substrate. However, the thickness of the adhesive and of the copper film
are negligible compared to the thickness hs of the substrate and are not taken into account, such that hg = hs = 0.4 mm.
Due to the corrective factor, Eq. (1) depends on the inverse of a sextic polynomial of a. Thus, the measurement of the
crack length has to be as accurate and reliable as possible. In the case of transparent substrates, the crack length can be
determined using optical methods, see (Bertholet et al., 2004) for instance. Such methods are obviously not adapted for
non-transparent substrates as used here. Thus, an indirect procedure was defined based on the out-of-plane displacement
profile uy(x) of the specimen, following the earlier work of Navarro et al. (2013), Bertholet et al. (2007) and Olbrechts et al.
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Fig. 3. Descriptions of (a) the wedge opening test configuration for a symmetric specimen and (b) a beam resting on an elastic foundation.

(2006). The relationship between uy(x) and a can be determined analytically by comparing one arm of the wedge opening
test to a beam deformed by an imposed displacement at a distance a from the crack tip. In order to take into account the
root-rotation, the formulation proposed by Kanninen (1973), based on an Euler-Bernoulli beam resting on a Winkler elastic
foundation (Fig. 3b), was chosen. A beam of length L is attached to an elastic foundation over a length c (thus L =c+a). The
analytical expression for uy(x)=f(a) for the x interval (0, a), where x=0 is the free end of the arm, is given by:

3D [)ﬁ (x—a)?
h3A3¢ 3

where ¢, A, A(a) and B(a) are given in Appendix A.

The out-of-plane displacement profile was experimentally measured with a contact profilometer Veeco Dektak 50. A sim-
ple testing stage was designed to allow a precise positioning of the wedge within the specimen and the measurement of the
vertical displacement field under the profilometer. The crack length was then retrieved by fitting Eq. (2) with the measured
displacement profile using a least square method. This methodology was first validated on an ideal system of two silicon
wafers joined by molecular bonding. Such system is transparent to IR radiation, allowing a direct, optical measurement of
a (Bertholet et al., 2004). The deviation between the crack lengths as measured by the two methodologies was found to be
around 4% (Strepenne, 2010).

The wedge opening tests were conducted as follows. Measurements of the displacement profile were performed immedi-
ately after wedge insertion. Several displacement profiles, corresponding to different crack lengths, were measured for each
specimen. As already stated, the interface subjected to debonding cannot be controlled, and the validity of each measure-
ment must be assessed at the end of the test by analyzing the fractured specimen. Measurements that did not correspond
to crack propagation between the Cu layer and the steel substrate were discarded. The number of measurements taken into
account for the determination of G, for all studied specimens is given in Table 1.

uy(x) = +al’(x—a)? —A(a)(x—a) + B(a)] 2)

2.2. Residual stresses in the Cu layer

Residual stresses in thin layers arise from differences in thermal expansion coefficients or in lattice parameters between
the substrate and the film, from the growth of the layer or from microstructure evolution effects (Freund and Suresh, 2004).
These residual stresses can depend on film thickness and can have a strong effect on the resistance to crack propagation
along the interface. Indeed, tensile stresses parallel to the interface lead to lower apparent toughness, while compressive
stresses lead to an effective toughening (Strohband and Dauskardt, 2003; Tvergaard, 2003; Tvergaard and Hutchinson, 1996).
It is therefore important to characterize the magnitude of these stresses to assess their influence on the measured interface
toughness.

The average residual stress in the Cu layers was determined using the Stoney method (Stoney, 1909). Assuming that the
film is much thinner than the substrate, the curvature of the substrate is related to the residual stress oy in the coating by:

Eh?

R = A — vk

(€-G), 3)
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Table 2
Cu deposition conditions of the specimen used for the measurements of resid-
ual stresses.

he (m) 025 05 1 15 2 25

Pressure (Pa)  Batch 1 045 045 0.54
Batch 2 065 064 067 067 067
Batch3 053 057 057 0537 053 053

Substrate (£, )

Interface (G)

(0,0) o
Thin layer (E,, v,, %,, N,) h, 12
Interlayer (£, v;, %o, Ny) hy E
e
Substrate (£, vy) G ;
e 1
x |
0 . 0
. 0 4, O,
(a) (b)

Fig. 4. (a) Configuration of the asymptotic K-field model, (b) Interface bi-triangular traction-separation law.

where Cy and C correspond to the curvature of the substrate before and after deposition, respectively. Curvatures were
determined here using a Veeco Dektak 50 profilometer.

Measurements could not be performed directly on steel substrates which are not sufficiently planar, instead, silicon
wafers (Es/(1-vs)=180GPa and hs =380um) coated with a 0.3pm layer of stainless steel were used to mimic as well as
possible the real system. Thus, in Eq. (3), Cp corresponds to the curvature of the silicon + stainless steel system. Measure-
ments were done on Cu films from three different batches which only differed by the deposition pressure, as shown in
Table 2.

Using Egs. (1) to (3), this experimental protocol was used to retrieve the interface toughness of the considered multilayer
system as a function of the thickness of the layer, along with the magnitude of the residual stresses in the thin layer. These
results are reported in Section 5 and compared to the numerical trends.

3. Computational model
3.1. Generic K-field formalism

The geometry used to study crack propagation is shown in Fig. 4a. It is based on the seminal work by Tvergaard and
Hutchinson on the toughness of ductile adhesive joints (Tvergaard and Hutchinson, 1994). Two layers, referred to in the
following as the thin layer and the interlayer and defined by their respective elastoplastic properties and thicknesses, are
embedded between two identical semi-circular elastic substrates of radius Ag. An interface crack is inserted between the
thin layer and the upper substrate along x <0 and y =0. The fracture process takes place along the line x>0 and y=0, and
is simulated by a traction-separation law characterized by the work of fracture Gy and the fracture strength o (Fig. 4b).
Assuming that Ay > (h: + h;), the crack can be considered as semi-infinite and the overall system respects the small-scale
yielding conditions. Crack growth is therefore induced by remotely applying a symmetrical mode I, plane strain displacement
field at the boundary of the model, with the initial crack tip located at the origin of the cartesian reference system. The
amplitude of the displacement field is controlled by the magnitude of the stress intensity factor K. Irwin’s relationship
between K and the energy release rate G for mode I under plane strain conditions is given by

12

K=| 20| (4)

(i)
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In this configuration, G can be considered as a remote energy release rate and is identified with the crack growth re-
sistance G, if the crack propagates. The crack resistance curve G(Aa), where Aa is the crack extension, can then be easily
retrieved, as increasing the displacements at the model boundary is tantamount to increasing G. Steady-state crack propaga-
tion occurs for G= G, where Gss=Gq + ¢, ¢ being the amount of energy dissipated through plastic deformation in the thin
layer and interlayer.

3.2. Constitutive laws

3.2.1. Traction-separation law of the interface

A bi-triangular damage interface material law implemented in the finite element code SAMCEF, as schematized in Fig. 4b,
characterizes the separation of the interface, i.e., the crack extension process. More information about the constitutive equa-
tions describing the traction-separation law can be found in Ladevéze et al. (1998) and Bruyneel et al. (2014).

A linear elastic behavior defined by the elastic displacement jump §. and the critical stress o is assumed, corresponding
to an elastic work per unit area G, (light grey area in Fig. 4b). For § > §., the stress decreases with the development of dam-
age, i.e., any unloading occurs with a decreasing secant stiffness toward the origin of the stress-strain response. Complete
fracture occurs when the displacement jump reaches a critical value §.. The fracture process corresponds to the total area
under the curve in Fig. 4b and is thus defined by a work per unit area such that

0c6¢
2

The asymmetry introduced by the positioning of the crack, by the different properties of the different materials and by
the occurrence of plastic deformation can induce tangential displacements of the crack faces, even if an overall pure mode
I is applied to the system (Tvergaard and Hutchinson, 1994). Thus, the traction-separation law must be defined within a
mixed-mode setting. For reasons of simplicity, identical parameters 8., §. and o, (and therefore Gy) were taken for both
the normal (mode I) and tangential (mode II) contributions. The displacement jumps are coupled in such a way that fracture
occurs when a nondimensional crack separation indicator § reaches 1, with § defined as:

Go = . (5)

5 5172
N J T
6= — - 6
(8C ) + < 8C 7 ( )
where the indices I and II represent the normal and tangential components, respectively.

3.2.2. Properties of the ductile layers and of the elastic substrates

The substrates are assumed to be isotropic linear, defined by Young’s modulus Es and Poisson ratio vs. The elastic behav-
ior of the layers is isotropic linear and defined by the Young’s modulus E; and E; and Poisson ratio v; and v;, respectively.
Plasticity is modeled using the isotropic J, flow theory. The effective stress is defined classically as o = ,/(3/2)s;;s;;, where
sij = 0j — (1/3)04d;; are the components of the deviatoric stress tensor with o; the components of the Cauchy stress ten-

sor and d; the Kronecker delta. The effective plastic strain is computed as gp = /(2/3)8585, where 85 are the components

of the plastic strain tensor.o. and €, are related to each other through the following hardening law (Tvergaard and Hutchin-
son, 1992):

Egy )"
Gei:UOi(1+ (;p> , (7)

0i

where o is the yield stress prescribing the onset of plasticity and N is the strain hardening exponent. Indices i describe the
behavior of the thin layer (i=t) and of the interlayer (i=il).

3.3. Selection of material parameters for the parametric study

The overall steady-state interface toughness is characterized by 16 material and geometrical parameters such that
Gss = F(Et, vr, 0or, Neo he, Ey, v, 0oy, Ny, hig, Es, Vs, 8e, 8¢, 0c, Ao). (8)

In principle, Ay should not enter the variables in Eq. (8) in the context of a small-scale yielding framework. Indeed,
once Ag is large enough to ensure small-scale yielding conditions, further increase of this parameter should not impact the
overall value of the interface toughness. However, it has been found that this is not true in this study for reasons explained
in Section 4.2.2. Eq. (8) can be nondimensionalized in the following form:

Gss Oor o O0il Es E he hy Ao oc de
— =F| — Ne, — Ni, = = Vs, Ve, Vit 5o s s = 5 ) 9
Go (Er “E " E E "Ry R Ro” 00 ®)
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where R; is a reference length corresponding to an estimate of the plastic zone size inside the thin layer at G=Gy for
ht > Ry, as proposed by Tvergaard and Hutchinson (1993):

-1
MU S L PR ) o o
3w (1-B2) E; E 007’
where 8 is the second Dundurs’ mismatch parameter
ﬂzlut(l—sz)—us(l—Zv[) (11)

2 pe(T=vs)+ ps(1 =)

and where p; and s are the shear moduli of the thin layer and of the substrate, respectively, such that p= E/(2+2v). In
the absence of elastic mismatch between the substrate and the thin layer, Eq. (10) reduces to

1 EGy
- 37 (1-12) oof

Ro (12)

Particularizing the study to the context of metallic thin films, constant values of v;=0.3, o, /[E;=0.003 and N;=0.1 were
considered. Thus, the only parameter describing the thin layer that will be systematically varied is the thickness, h¢/Ry, with
a value between 0.25 and 3. The parameters associated with the interlayer, E¢/E;, h;/Rg and Uo,-,/Eil are varied. The other
parameters that were fixed are N; =0.1 and v; =0.3. Depending on the selected value of o, /E;, the numerical simulations
can be separated in two categories. The “elastic interlayer” corresponds to o, /Ej — co. The “elastoplastic interlayer” refers
to the simulations in which plasticity develops in the interlayer during the crack advance process. The elastic case can thus
be considered as an asymptotic value of the elastoplastic case. Finally, the last parameters that are varied involve the elastic
mismatch between the substrate and the thin layer Es/E¢ and the interface strength oc/og,. The three remaining material
parameters were kept constant: the Poisson ratio of the substrate vs=0.3, such that the substrates, the thin layer and the
interlayer have the same v. The elastic displacement jump of the interface is known to be of secondary importance and was
set to 8¢/6.=0.01, since a larger value would delay damage towards higher displacements. Finally, Ag/Rg was taken equal to
1250.

In order to evaluate the effect of the interlayer on the overall toughness, additional simulations were performed without
the interlayer to obtain a reference value of Ggs/Gy. In this further case referred to as the “monolayer case”, the steady-state
interface toughness is defined by nine non-dimensional parameters such that

Gss(mogolayeﬂzp("or,m,fs v, vy, he Ao oc 59).
0

, L —, =, , 13
E E “Ro Ry’ 00; (13)

For a given set of non-dimensional parameters shown in Eq. (13), the change in interface toughness related to the in-
troduction of an elastic interlayer, denoted Ag./Gy, is retrieved by subtracting the toughness for the monolayer case from
the one for the elastic interlayer case. Similarly, the change in toughness resulting from the plasticity in the interlayer,
noted Ag,/Gy, is the difference between the toughness of the elastoplastic case and the one of the elastic case, where the
only variable in Eq. (9) is o, /Ej. Thus, A@q/Go=0 and Ag,/Go=0 means that no extra dissipation of energy takes place
between the considered cases.

3.4. Finite element model

Fig. 5 shows the typical finite element mesh used for the simulations, made of quadrilateral elements with quadratic
interpolation functions. The mesh is highly refined at the initial crack tip with square elements of size dy repeated over
the x-axis along a length By. These elements are repeated in the y-direction up to y=-ht-(Ro/2), followed by rectangular
elements of dimensions (dyx 10 dy) up to y = -h;-h;. Thus, the thin layer is entirely meshed using square elements, while the
interlayer is discretized by square elements at the vicinity of the interface with the thin layer, and by rectangular elements
otherwise. The size of the zone of interest, By, was taken of the same order of magnitude as Ry, and the maximum dimension
of the system, Ag, is 1250 times Ry (i.e., more than 100 times h; + h;;). The fracture process at the interface is simulated using
zero-thickness cohesive zone elements. A mesh resolution of Ry/dy equal to ~ 80 was selected. This leads to selecting §./dg
as varying between 0.6 and 1.4, depending on Es/E; and on o¢/o,.

The displacement field (uy, uy) corresponding to a mode I plane strain loading is applied on the outer nodes of the
half-disks of the model. For the upper half-disk, the displacement distribution is given by

1/2
K (A 0 20
Uy = 2 (27r) c052|:(3 — 4v5) — 1+ 2sin 2}, (14)

172
K ( Ao .0 50
uy <2n> sm2|:(3 — 4v5) + 1 — 2cos 7| (15)

T 24
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Fig. 5. Finite element mesh, (a) full mesh, (b) refined mesh at the fracture process zone (h;/Ry =0.25, h;/Rg = 2). The blue and red lines symbolize the
pre-crack and the interface, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

where 0 is the angle between the crack plane and the direction defined by the line joining the crack tip to the outer node
(see Fig. 4a). Displacements of the lower half-disk are symmetrical with respect to the x-axis.

Calculations are performed under plane strain conditions using the 2nd Piola-Kirchhoff stress and Green strain. Non-
linear static analyses are performed by linearly increasing K using a Newton-Raphson solution scheme implemented in the
code SAMCEF (MECANO solver). An adaptive time stepping is used, and a steady-state crack growth regime is reached with
very small increments of K, resulting in crack advance for a virtually constant value of K. When steady-state crack growth is
not achieved for Aa= By, G is taken as the value of G for Aa/Ry=1. In such cases, G does not rigorously correspond to Gss
and is actually lower than the real value of Gs.

Due to the large differences between the yield strength of the thin layer and of the interlayer, a similar magnitude of
plastic strains in these two layers does not lead to the same amount of energy dissipated. Thus, interpretations based on the
graphical representation of plastic strains distributions can be misleading, and the analysis is more direct when the results
are given in terms of plastic energy dissipation. The total plastic energy dissipated per unit volume in each layer, ¢y,, where
i=t describes the thin layer and i=il the interlayer, can be computed as

0u(®) = [ oadEs(E). (16)
For the strain hardening law (7), Eq. (16) becomes:
2 (L +EEp/a)M -1
(pvl(gp) - Ooi Ei(Ni ¥ 1) (17)

3.5. Limitations of the model

The present model aims at identifying general trends which may not be fully representative of real structures. Indeed, in
real structures of finite size, the stress field deviates significantly from the K-field since the K-dominated zone Ay in such
structures is rather small, typically a few percents of the crack length (Charalambides et al., 1992). This is especially relevant
here since it is assumed that the K-dominated zone encompasses the thin layer and the interlayer, which may not be true
experimentally. Furthermore, it will be shown in Section 4.2.2 that Ay has an impact on the final value of Gs.

In addition, two important features intrinsic to thin metallic layers are not considered in this study. As stated in Section 2,
thin metallic layers exhibit residual stresses with a magnitude that usually depends on film thickness. These residual stresses
may play a prominent role when it comes to the determination of the interface toughness, to the point that debonding due
to such residual stresses may occur in certain circumstances without any externally added loading (He et al., 1997). This
is even a possible method to determine interface toughness by estimating a critical thickness above which delamination
occurs (Argon et al., 1989). The effect of residual stresses in multilayers is out of the scope of this study, and the reader is
referred to Tvergaard (2003) and Tvergaard and Hutchinson (1996) for more information. Finally, it is known that the yield
strength of metallic films tends to evolve with thickness: a thinner film will exhibit a higher yield strength (Freund and
Suresh, 2004). This is a direct consequence of the evolution of the grain size with film thickness. Such considerations are
not taken into account in our model.
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Fig. 6. Crack growth resistance curves for the monolayer case, the elastic interlayer case (o, /Ej — o) and the plastic interlayer case (o, /Ey = 0.025) for
(a) he/Rg = 0.5, (b) h¢/Ry = 1, (c) h¢/Ry = 2.
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Fig. 7. (a) Variation of the overall interface toughness with h¢/R, for the three investigated cases: monolayer alone, elastic interlayer and plastic interlayer
(b) Corresponding evolution of the extra dissipation due to the presence of an interlayer A¢,/Go and Ag,/Gy. Other parameters are E;/E; = 30, h;/Ro= 3.80,
Es[Er = 1 and o /0, = 4. Dots are the results from FE calculations and solid lines are guides for the eye.

4. Results and analysis of numerical simulations
4.1. Parametric study on the variation of the interface toughness

An example of predicted crack resistance curves for the monolayer case and for systems with an elastic or plastically
deforming interlayer corresponding to different values of h¢/Rq is given in Fig. 6. The interface toughness dependence on
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Fig. 8. Effect of (a) E¢/E; and (b) h;/Ry on the extra contribution to the interface toughness associated to the elastic deformation in the interlayer Ag, /Gy
as a function of h¢/Ry. Other parameters are the ones from Fig. 7. Dots are the results from FE calculations and solid lines are guides for the eye.

ht/Rg is shown in Fig. 7a. The parameters selected for the simulations are E¢/E; =30, h;y/Ry=3.80, Es/E;=1 and o¢/oo, =4.
Fig. 7b shows the corresponding evolution of A¢./Gy and A¢,/Gy with ht/Rg.

The properties of the interlayer heavily affect the interface toughness evolution with h/Ry. While the dependence of
Gss/Go on h¢/Ry has already been reported for the monolayer case (Martiny et al., 2012; Tvergaard and Hutchinson, 1994)
and, to some extent, for the plastic interlayer case (Bertholet et al., 2007; Wei and Hutchinson, 1999), the fact that an elastic
interlayer can induce a significant toughening is a new finding. The next subsections aim at describing the evolution of the
interface toughness with h¢/R, for the three studied cases, as well as its dependence on the investigated parameters. The
general effect of Es/E; and o¢[o g, is discussed in a fourth subsection.

4.1.1. Monolayer case

For the monolayer case, the toughness first increases with h¢/Ry up to a maximum value. Further increasing h¢/Rg has no
effect on Gss/Gg. In Fig. 7, this condition is reached for h;/Ry ~ 1. This evolution of Gs/Gg with h¢/Rg is well documented and
has been the subject of numerous numerical (Martiny et al., 2012; Pardoen et al., 2005; Tvergaard and Hutchinson, 1996,
1994) and experimental (Ikeda et al., 2000; Kinloch and Shaw, 1981) studies. These mechanisms will be briefly summarized
in Section 4.2.1, for comparison purposes.

4.1.2. Elastic interlayer

Two main observations can be made based on the results of Fig. 7 regarding the effect of an elastic interlayer on the
interface toughness. First, it appears that the elastic case always exhibits a higher toughness compared to the monolayer
case, i.e., A@y/Gy> 0. This has been proven true regardless of the choice of the parameters, as long as the interlayer is
softer than the thin layer (i.e., E¢/E; > 1). Indeed, while not shown here for brevity, calculations performed for E;/E;=0.2
always resulted in Agq/Gg=0. Second, it appears that Agq/Gy is highly dependent on layer thickness: it first increases with
h¢/Ry up to a maximum value, followed by a decrease when further increasing h¢/Rq. In Fig. 7, this maximum is reached
for h¢/Ry~ 1. For large values of h¢/Ry, Agpq/Gy seems to converge towards 0. These results are at the core of the current
study with impact in different practical or technologically relevant situations, and the particular mechanisms leading to this
toughening will be further analyzed in Section 4.2.2.

Among the different studied parameters, E;/E; and h;/Ry were found to have an important effect on the dependence of
A@q|/Gy on ht[Ry, as illustrated in Fig. 8. It appears that Ag./Gy generally decreases with decreasing E/E;, in a way that
A@q[Gg (he/Ry)— Ofor E¢/E; — 1. Decreasing h;;/Ry shifts Agq/Gg towards lower values, but this effect is less important than
the impact of the elastic mismatch E/E;.

4.1.3. Plastic interlayer

As shown in Fig. 7, Ay, /Gy decreases with increasing h;/Rg. Above a critical value of the ratio h¢/Rg, there is no significant
toughening resulting from the plasticity in the interlayer. In Fig. 7, the critical non dimensional thickness is h¢/Ry ~ 3.

Fig. 9 shows the effect of o, /E; and hy/Ry on the elastoplastic contribution A¢p/Go (he/Rp). Decreasing oo, /Ey leads to a
general increase of Ag,/Gy, especially for low values of h¢/Ry, and shifts the critical value of h¢/Ry towards larger thickness.
An increase in hy/Rq leads to a slight increase of Ag,/Gy when o, [E;=0.025. While not shown there, it has been found
that increasing h;y/Ro has no effect when o, /E; is equal to 0.05.

These trends were already described and analyzed by Wei and Hutchinson (1999) and Bertholet et al. (2007) in simula-
tions with an elastic thin layer and an elastoplastic interlayer. The mechanisms responsible for this toughening are discussed
in Section 4.2.3.
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Fig. 9. Effect of (a) oo, /E; and (b) hy/Ry on the dependence of the extra dissipation due to a plastically deforming interlayer Agy/Go on h¢/Ro. Other
parameters are the ones from Fig. 6. Dots are the results from FE calculations and solid lines are guides for the eye.

4.14. Effect of Es/Et and o /o,

The effect of Es/E; and o¢/op,on the interface toughness evolution with h/Ry for all three cases (monolayer, elastic
interlayer and elastoplastic interlayer) was investigated but is not described here. In summary, it showed that increasing
these two parameters always leads to an increase of the interface toughness:

- For the monolayer case, it leads to a general increase of Gg/Gg, which reaches a constant value for larger h¢/Ry. This is a
well-known result as already reported by Tvergaard and Hutchinson (1996) for instance.

- For the elastic interlayer, it leads to a general increase of the extra dissipation A¢,/Gy with a maximum in Ag./Gy
reached for larger values of h¢/Ry.

- For the plastic interlayer, it leads to a general increase of the extra dissipation A¢,/Go, and shifts the critical h¢/Ry
towards higher values.

Furthermore, no coupling effect is found between Es/E; and o¢/og, on the one hand, and E¢/Ej, hy/Ro and o, /E; on the
other hand. The variation of the toughening effect associated to changes in Es/E; and o¢/o g, for each case will thus only be
briefly explained in Sections 4.2.1-4.2.3.

4.2. Toughening mechanisms

4.2.1. Monolayer case

The effect of h¢/Ry on Gs/Gy for the monolayer case is first addressed, see also details in Martiny et al. (2012) and
Tvergaard and Hutchinson (1996). Fig. 10a shows the evolution of the steady-state plastic energy dissipation zone as a
function of h¢/Rg.

Depending on h¢/Ry, the steady state plastic energy dissipation zone can be divided into two different zones A and C,
following the notations introduced by Martiny et al. (2012), which are represented on Fig. 10b for h;/Ry = 0.5. The first
plastic dissipation zone PZA is located directly under the crack tip and is mainly the result of the normal stress field arising
from the crack opening process. When this stress field interacts with the lower substrate (i.e., for low values of h¢/Ry),
shear stresses develop at the thin layer/substrate interface which are responsible for the second plastic-dissipation zone
PZC. Increasing h¢/R, first tends to increase the size of both zones. Above a certain value of h¢/Rg, the size of the first zone
keeps increasing while the size of the second zone decreases. Ultimately, there is no more interaction between the crack-tip
stress field and the lower substrate: the secondary plastic zone vanishes and all the energy dissipation is due to crack-tip
plasticity. Consequently, the energy dissipation becomes independent of h¢/Rg.

Increasing the mismatch in elastic properties Es/E; and the interface strength o /o, leads to more crack-tip plasticity,
thus increasing the plastic dissipation and shifting the toughness plateau towards larger values of h¢/R,.

4.2.2. Interface toughening associated to an elastic interlayer

The effect with an elastic interlayer of h¢/Rq, E¢/E; and h;/Rq on the steady-state plastic zones at G = G can be analyzed
based on Fig. 11. When compared to Fig. 10, the presence of an elastic interlayer has a strong influence on the plastic zone
shape and extension in the thin layer. Up to four different plastic energy dissipation zones can be identified in Fig. 11, as
schematized in Fig. 12. These four plastic zones are located:

- under the crack plane, near the crack tip (PZ1);
- at the interface between the thin layer and interlayer, ahead of the crack tip (PZ2);
- at the interface between the thin layer and interlayer, behind the crack tip (PZ3);
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Fig. 10. (a) Steady-state plastic dissipation zone in the thin layer as a function of h¢/Ry for the monolayer case. The corresponding evolution of the interface
toughness is shown in Fig. 6a. (b) Detailed steady-state plastic dissipation zone for h¢/Ry = 0.5 highlighting the two plastic dissipation zones A and C.
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Fig. 11. Steady-state plastic dissipation zone in the thin layer in the presence of an elastic interlayer for three different values of h¢/Ry, for (a) E;/Ey = 5
and h;/Ry = 3.80, (b) E¢/E; = 30 and h;/Ry = 3.80, (c) E¢/E;= 30 and h;/Ry = 9.49. The corresponding evolution of Ag,/Gy is shown in Fig. 7.



S. Dépinoy, F. Strepenne and TJ. Massart et al./Journal of the Mechanics and Physics of Solids 130 (2019) 1-20 13

initial crack tip crack tip

l l

P74

B8 P72

Fig. 12. Schematic representation of the four identified plastic dissipation zones in the thin layer for a system with an elastic interlayer.
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Fig. 13. Normal displacements along the mid thickness of the thin layer (y = h;/2) normalized by R, for different E;/E; at G = Gy. The crack-tip is located
at x/Ry = 0. Other parameters are the ones from Fig. 6.

- at the crack face of the thin layer, behind the crack tip (PZ4).

PZ1 and PZ2 seem to be similar to PZA and PZC. This particular point is addressed later. While PZ4 is disconnected from
the other plastic zones, PZ1, PZ2 and PZ3 are connected in most cases. It appears that the development of these plastic zones
is not related to a single parameter, but rather to a combination of ht/Ry, E¢/E; and h;/Ry. Most of the energy dissipation
takes place in PZ1 and PZ2. Increasing h¢/Ry increases the size of PZ1 while it decreases the intensity of the associated
dissipation. This is the root cause of the evolution of Gs/Gg as a function of h¢/Rg illustrated in Fig. 7. Increasing E:/E;; and
hii/[Ry magnifies this phenomenon as illustrated in Fig. 11.

This change in plastic zones compared to the monolayer case is related to deviations from the linear elastic fracture
mechanics (LEFM) solutions induced by the presence of the compliant interlayer. As shown in Fig. 13, the profile of normal
displacement at the mid thickness of the thin layer uy= f(x) deviates significantly from the expected mode I LEFM profile
(i.e., the monolayer case) when the interlayer is added. This is due to the asymmetry in stiffness between the upper and
the lower part of the system which impacts the way the applied far-field displacements are transferred to the crack line,
as schematized in Fig. 14. The resulting gradients in the uy,= f{x) profile at mid-thickness of the thin layer generates the
bending of this layer in the vicinity of the crack tip, subsequently giving rise to horizontal normal stress oxx concentrations
as denoted from “1” to “4” in Fig. 14. Depending on the stiffness asymmetry and on the loading, these normal stresses
govern the onset of plasticity in the thin layer: the stress concentration zones 1 to 4 schematized in Fig. 14 are responsible
for the plastic zones PZ1 to PZ4, respectively, that were discussed previously (Fig. 12). The interaction between the vertical
normal stress concentration under the crack tip, denoted as zone 5 on Fig. 14, and zone 1 and, for low enough h¢/Ry, zone
2, leads to an increase of the von Mises stress at these locations. Thus, more energy is dissipated in zones PZ1 and PZ2
compared to PZ3 and PZ4. It follows that while they share the same locations and a similar dependence on h;/Ry, the plastic
dissipation zones PZ1 and PZ2 in Fig. 12 cannot be identified with PZA and PZC, respectively (Fig. 10b).

The analysis of the effect of E/E; and h;/Ry on the energy dissipation is straightforward, since these two parameters
impact the stiffness of the lower half of the model. The toughness dependence on h¢/Ry is affected by two competing
phenomena. Decreasing h;/Ry leads to a decrease of the stiffness of the thin layer which is thus more prone to bending,
thus more energy should be dissipated. However, a low h¢/Ry value means that the volume of material available for plastic
dissipation remains limited, which lowers the total amount of energy that can be effectively dissipated. There is thus an
optimum h;/Ry for which the plastic dissipation is maximized. Increasing h¢/Ry above this maximum reduces the deviations
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Fig. 14. Schematic representation of the multilayer, where the interlayer is represented by elastic springs, (a) prior to any crack opening and (b) under
loading. Normal stress concentrations in the thin layer, resulting from a bending component, are highlighted.

from the LEFM solution, and the system behavior tends toward to the monolayer case, such that Ag,/Gy — 0 for large values
of h[/Ro.

Increasing parameters Es/E; and o¢/og, implies that a higher energy-release rate must be applied to advance the crack,
therefore the thin film experiences more bending and A¢,/Gy increases. Furthermore, the confinement of plasticity occurs
for higher values of h:/Ry. Consequently, the maximum value for Ag,/Gy is reached for larger ht/Rg.

A final remark on the influence of Ayg/Ry should be made. This parameter prescribes the displacement field applied at
the edges of the crack faces, and therefore controls the magnitude of the deviation of the normal displacements from the
LEFM solution. This effect is however of secondary importance: for h¢/Ro= 1, E¢/E;= 30 and h;/Ry= 3.80, values of Gss/Gq are
found as 4.70, 4.80 and 5.0 for Ag/Rg = 1250, 938 and 625, respectively.

4.2.3. Elastoplastic interlayer effect

Fig. 15 depicts the steady-state plastic dissipation zones in the thin layer and interlayer corresponding to the calculations
addressed in Fig. 7 for three different h¢/Rg. For the sake of comparison, Fig. 11c gives the corresponding steady-state plastic
dissipation zone for o g, /Ej — oco.

Three observations can be made from Figs. 15 and 1lc. Decreasing the magnitude of o, /E; increases the interlayer
plastic zone size. For o, /Ey = 0.025 (Fig. 15a), plasticity occurs over the entire thickness of the interlayer and extends well
ahead of the crack tip, while it is mainly located directly under the crack tip for o, /Ey = 0.05 (Fig. 15b). For both cases,
the plastic dissipation is at its highest in a zone located at the interface between the two layers. The magnitude of the
plastic dissipation as well as the size of this zone tend to decrease with increasing h:/Ry. Finally, it appears that the plastic
dissipation in the thin layer itself tends to increase with decreasing o, /Ey, and particularly for low values of hi/Ry.

The plasticity in the interlayer has two origins with a dependence on o, /E;. The first origin is the interaction be-
tween the crack-tip stress field and the interlayer, which is directly related to h¢/Ry and oq,/E;. Increasing Eg/E; and
oclog, enhances the size and the magnitude of the crack-tip stress field, leading to more plasticity in the interlayer. This
mechanism was already highlighted by Bertholet et al. (2007) and Wei and Hutchinson (1999) and is responsible for the
plastic dissipation in the interlayer when o, |E; = 0.05. The second origin for the plasticity in the interlayer is the normal
tension that takes places in the interlayer ahead of the crack tip in the case of a compliant interlayer (Fig. 14). A yield
strength of o, /Ey = 0.025 is low enough such that plastic strains in the interlayer can be induced through this tensile
loading contribution only. This explains the large plastic dissipation zone ahead of the crack tip in Fig. 15a. From these two
mechanisms, the toughening effect of increasing h;;/Rg is similar to the effect of h:/Ry on the bond toughness in the mono-
layer case, i.e., a larger material volume is available for plastic dissipation. The increase of the plastic dissipation in the thin
layer is an indirect consequence of the development of plasticity in the interlayer. Indeed, the values of o, /E; and Ny are
such that after the onset of plasticity, further plastic strains can develop at relatively low stress levels. Thus, some of the
applied remote energy release rate is dissipated through plastic deformation in the interlayer. As a consequence, a higher
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Fig. 15. Steady-state plastic dissipation zones corresponding the results from Fig. 6, for three different values of h¢/Rq. (a) 0, /Eq = 0.025, (b) o, [Ey = 0.05.
Other parameters are E/Ey = 30, hy/Ry = 3.80, Es/E = 1 and o¢[ay, = 4.

remote energy release rate must be applied to advance the crack, which in turn leads to a more intense bending of the thin
layer and thus an increase in the plastic dissipation in this layer, following the mechanisms explained in Section 4.2.2.

5. Experimental results and comparison with simulations
5.1. Measurement of the mode I interfacial toughness

Fig. 16 shows the evolution of the measured interface toughness G as a function of the Cu layer thickness h; as extracted
using Eqs. (1) and (2). A sharp drop in toughness occurs between h;=0.5pm and 1um, then G, decreases linearly with h;.

Experimentally, the measured interface toughness G, is the sum of the bonding energy G, of the plastic energy dis-
sipation ¢, and of the energy contribution associated to the residual stresses in the layers Gg. Assuming that the plastic
dissipation in the substrates is negligible, G + ¢ = G, — Gg. These experimental results can therefore be compared to the
parametric simulations, provided a reasonable estimate can be found for Gg.

5.2. Quantification of the energy contribution from residual stresses

For a film that fully relaxes the stresses over its entire thickness during decohesion, the energy contribution of the
residual stresses in the copper film Gy is given by Hutchinson and Suo (1991):
O’}g (hf) O’ght

2E(1-v2)  2E(1—12) 1®

R =

Experimentally, however, the Cu layer is not freestanding after delamination as it remains bonded to the adhesive film.
Furthermore, there is no evidence that the film relaxes over its complete thickness, some elastic energy being stored in the
crack wake. Thus, the real value of Gy is only a fraction of the expression given in Eq. (18), which represents an upper bound
of the energy associated to the residual stresses.
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Fig. 16. Variation of the measured interface toughness as a function of the Cu film thickness.
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Fig. 17. (a) Evolution of the average residual stress in the copper film with the thickness, (b) Corresponding effect of the residual stress on the interface
toughness. For more clarity, the standard deviations are not shown.

Fig. 17a summarizes the effect of the thickness on the residual stress measured in the Cu layers. While there are consid-
erable differences between the results from batches 1 and 2 on the one hand and from batch 3 on the other hand, in each
case the stress increases linearly with thickness up to 1um and then remains constant. The average value of the residual
stress for thicknesses larger or equal to 1um is 475 MPa for batches 1 and 2, and 190 MPa for batch 3. The determination
of the origin of this deviation is beyond the scope of this study and may be related to different partial pressure of oxygen
in the deposition chamber (Strepenne, 2010). Fig. 17b shows the resulting value of G, - Gy for thickness-independent values
of og=190MPa and 470 MPa. The variation of G with respect to oz =190 MPa can be considered as negligible. Conversely,
a residual stress of or =470MPa has a large effect on G - Gg, especially for larger thicknesses. In all cases, the general
evolution of the interface toughness with the thickness remains the same: a sharp drop between 0.5 and 1pum followed by
a linear decrease.

5.3. Comparison with the numerical simulations

Additional numerical simulations were performed to assess the toughening effect of the elastic mismatch between the
Cu layer and the adhesive. The Cu film is identified with the thin film and the adhesive with the interlayer in Fig. 4a. For
the reasons outlined in Section 3.5, these simulations do not allow to perform direct quantitative comparisons with the
experimental results. Instead, the purpose here is to compare the trend of the evolution of Gs with h; for parameters with
respect to the experimental trend.

Realistic values were taken for the mechanical properties of the constituents of the multilayer (Table 3). The yield
strength dependence on the Cu film thickness was not taken into account, as the yield strength was reported to remain
constant for copper films thicker than 1pm, with values between 200 MPa and 400 MPa (Nicola et al., 2006; Xiang et al.,
2006, 2001; Yu and Spaepen, 2004). Here, a yield strength og,equal to 220 MPa is assumed.
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Table 3
Mechanical parameters selected for the steel substrate, the Cu layer and the adhesive for the experimental
system.
Stainless steel (substrate, i=s)  Copper (thin layer, i=t)  Adhesive (interlayer, i = il)

E; (GPa) 190 110 3

Vi 03 0.3 0.3

oo, (MPa) - 220 20

Table 4

Non-dimensional parameters of Eq. (9).

oo JEc Ne  ooJEx Ny EJEc  ElfEqx v hy/[Ro  Ao/Ry  ocloo,  c/de

0.002 0.1 0.007 0.1 17 36.7 03 20 5000 35 0.01
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Experimental
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Fig. 18. (a) Comparison between numerical simulations and experimental results. The dashed lines represent the experimental trends with and without
the effect of the residual stress (o0 = 470 MPa), (b) Extra dissipations due to the elasticity and to the plasticity in the interlayer A¢, and Ay,

The parameters related to the interface can only be qualitatively guessed. Gy was fixed as equal to 0.75] m~2 and o was
adjusted such as to reproduce the results for h¢/Ry = 0.5. A value of o =770 MPa was found. These values are consistent with
a weak interface strength between the Cu layer and the substrate. This results in a reference plastic zone size Ry ~0.25 pm.
Since the copper film thickness experimentally varies between 0.5 and 2.5 um, the corresponding non-dimensional thickness
ht/Rqy varies between 2 and 10.

The FE mesh was modified in order to run new calculations corresponding to the range of interest for the parameters
of this specific application. In order to reduce the number of elements per calculations, the ratio Ry/dy was set to 50,
corresponding to a mesh resolution of d./dy=0.37. The thickness of the adhesive h; was set to 5pm (i.e., hj/Rg = 20). This
value is most probably underestimated but was chosen for computational reasons, as higher values of h;/Ry would result
in a large total thickness h in the model. Finally, Ag/(h¢+ h;) varies between 50 and 100 for a constant Ay/Rg =2000. Note
that the resulting value of Ay ~0.5 mm is larger than the arm thickness h, = 0.4 mm. The non-dimensional parameters of Eq.
(9) are summarized in Table 4.

The comparison between the simulations results and the experimental results is given in Fig. 18a. Despite numerous un-
certainties, the general trend of the variation of Ggs with h; agrees well with the experimental results. The extra dissipation
associated to the elastoplastic or only elastic deformation of the interlayer is shown in Fig. 18b. The higher toughness for
h: =0.5pum is clearly the result of significant amount of plastic dissipation in the adhesive “interlayer”. For larger thickness,
this contribution decreases and becomes negligible: most or all of the toughening arises from the elasticity of the interlayer.
This is a direct consequence of the low value of o and the large values of ht/Ry: the stress-field arising from the crack tip
only interacts slightly with the interlayer, and the relatively large values of Ag, are due to the large values of E:/E; and
hii/Ro. This raises of course concerns regarding the experimental determination of G. with test configurations involving a
second substrate added for practical reasons.

6. Conclusion
The effect of the presence of an adjacent interlayer on the toughness of an interface between a thin layer and a sub-

strate has been investigated numerically using a K-field finite element formalism. The interface toughness can be improved
through two phenomena: (i) the generation of additional plastic zones in the thin layer due to a softer interlayer and (ii)
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the development of plasticity in the interlayer. This first phenomenon arises from the stiffness asymmetry on each side of
the crack plane which leads to the bending of the thin layer, and is thus magnified by increasing the compliance and the
thickness of the interlayer. An optimum toughness is found for a film thickness corresponding to a compromise between the
available volume for plastic dissipation, which increases with increasing thickness, and the magnitude of the bending of the
film, which increases with decreasing thickness. The second phenomenon is especially relevant for small layer thickness and
low interlayer yield strength. The experimental dependence that was found between the interface toughness of a multilayer
specimen and the thickness of a layer constituting this interface is consistent with a toughening induced by a ductile com-
pliant interlayer. These results pave the way to further optimization of the interface reliability of a variety of multilayers.
Some guidelines should be followed:

(i) The interlayer must be softer than the thin layer, and/or the interlayer must exhibit a lower yield strength than
the thin layer. These conditions ensure that the bending of the thin layer and/or the plasticity in the interlayer will
occur during crack propagation. Even a slightly softer interlayer compared to the thin layer should yield a slight
improvement of the interfacial toughness, which then increases with decreasing the Young’s modulus of the interlayer.

(ii) The total thickness of the thin layer and of the interlayer must be smaller than the K-dominated zone. Thus, a com-
promise has to be made regarding the thickness of the interlayer: a thick interlayer leads to a higher toughness, but
a too thick interlayer may have no effect.

(iii) The interlayer must exhibit a toughness higher than the weak interface of interest. Otherwise, the crack is susceptible
to propagate through the interlayer. Similarly, the interfaces adjacent to the interlayer must be as tough as possible.

Finally, the present work shows that interface toughness measurements for thin films on substrate using methods that
require the bonding of a top substrate (dummy substrate) such as DCB or four point bending tests must be analyzed with
care as the glue layer may have a large effect on the interface toughness. The present model constitutes a way to quantify
this extra amount of energy that must be subtracted from the measurement energy release rate to determine the true
interface toughness. This is an issue that has not been sufficiently taken into account in the literature, with published
results probably requiring some re-analysis.
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Appendix A

The coefficients ¢, A, A(a) and B(a) in Eq. (2) are as follows:

sinh?Ac + sin®Ac sinh Accosh Ac — sin Accos Ac
Aa) = |:sinhzkc _ sin®ic +2ak sinh Accosh Ac — sinAccosAc |’ (A1)
B(a) = sinh Ac .COS? AC+ s.ir;)»c COS AC +an s%nhzkc + s?nz)uc ’ (A2)
sinh“Ac — sin“Ac sinh“Ac — sin“Ac

2 sinh Accosh Ac — sin Accos Ac sinh?Ac + sin®Ac

= —— | 22313 + 6A2h? +6Ah| —————

¢ A3h3 |: ‘ ‘ sinh®Ac — sin®Ac “\ sinh?Ac — sin®Ac
43 51nhAccos?Ac+ 51112Accos AC , (A3)

sinh“Ac — sin“Ac

34 _ 3k (A4)

"~ Esbh3’

where k is the stiffness of the spring model for the foundation, such that k=1.615Eb/h, (Li et al., 2004), and b is the width
of the beam.
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