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ABSTRACT: The catastrophic failure of metal/ceramic interfaces
is a complex process involving the energy transfer between
accumulated elastic strain energy and many types of energy
dissipation. To quantify the contribution of bulk and interface
cohesive energy to the interface cleavage fracture without global
plastic deformation, we characterized the quasi-static fracture
process of both coherent and semi-coherent fcc-metal/MgO(001)
interface systems using a spring series model and molecular static
simulations. Our results show that the theoretical catastrophe point
and spring-back length by the spring series model are basically
consistent with the simulation results of the coherent interface systems. For defect interfaces with misfit dislocations, atomistic
simulations revealed an obvious interface weakening effect in terms of reduced tensile strength and work of adhesion. As the model
thickness increases, the tensile failure behaviors show significant scale effects�thick models tend to catastrophic failure with abrupt
stress drop and obvious spring-back phenomenon. This work provides insight into the origin of catastrophic failure at metal/ceramic
interfaces, which highlights a pathway by combining the material and structure design to improve the reliability of layered metal−
ceramic composites.

1. INTRODUCTION
Layered metal−ceramic composites, which integrate the
advantages of metal (e.g., ductility, electrical conductivity) and
ceramics (e.g., high strength, chemical resistance), are key to
many technological applications such as electronic devices,1−3

thermal barrier coatings (TBC),4−6 and semiconductors.7,8 The
metal/ceramic interface is a crucial component of layered
metal−ceramic composites, and the adhesion of this interface
plays a pivotal role in dominating the mechanical, thermal, and
electrical properties of the composites.9 Because of differences in
the lattice structure and properties (e.g., Young’s modulus,
coefficient of thermal expansion (CTE)) between metals and
ceramics, defects such as misfit dislocations appear at the
interface, weakening the interface bonding and decreasing the
effective interface area.10 At a low temperature or at a high
loading rate, cleavage fracture without or with little global plastic
deformation often happens at the interface.11 This interface
failure, which arises suddenly and catastrophically, often stems
from atomic bond breaking near the crack tip and may lead to
the breakdown of related structures and devices. Therefore, it is
necessary to investigate the mechanisms of cleavage fracture of
metal/ceramic interfaces and analyze the effects of defects on
interface microstructures and fracture behaviors at atomic levels.
Interface fracture is a complex process involving the energy

transfer between elastic strain energy stored in bulk materials
and many types of energy dissipation such as surface energy and
plastic work.12−14 For the case of cleavage fracture, the driving

force for crack extension is the difference between the
accumulated elastic strain energy and the energy needed to
create new surfaces of the crack. Based on the assumption in
phenomenological fracture mechanics to separate the elastic
strain energy into bulk and cohesive parts,15 a one-dimensional
elastic model has been proposed to describe both macrocracks
and microcracks forming a so-called process zone.16−18 Instead
of considering the full relaxation of a cohesive potential, Nguyen
et al.16 sought energy minimization of large�but finite�
collections of interatomic planes and found a universal form of
the macroscopic cohesive law. However, because of the
mathematical complexity, most theoretical models deal with
the fracture of homogeneous materials. For interface systems
made of two dissimilar materials, the interface can be considered
as a natural material discontinuity where cracking usually
happens, and three materials (if the interface can also be
regarded as a kind of material) with different interplanar
interactions need to be described.
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In this paper, our focus is to explore the effect of the bulk
material, interface structure, and interface cohesive relationships
on the mode I cleavage fracture of metal/ceramic interfaces,
especially the fracture criterion and scale effects. Compared with
mode II and mode III fracture, a crack front in a solid after
propagation tries to reach mode I loading conditions regardless
of external loading.19 A spring series model based on energy
analysis was proposed to characterize the interface catastrophic
failure and quantify the energy transfer between bulk energy and
interface cohesive energy during interface fracture. To validate
the catastrophe point and spring-back point representing the
start and end of catastrophic failure, we carried out molecular
static simulations of the quasi-static fracture of metal/ceramic
interfaces. The fcc-metal/MgO(001) interfaces, which widely
exist in advanced engineering applications20−22 and have been
model metal/ceramic interfaces for their simplicity,10,23,24 were
chosen as examples in the numerical models. Through
comparison between coherent and semi-coherent interfaces,
we investigated the interface weakening effect caused by misfit
dislocations in terms of interface strength and fracture behaviors.

2. SPRING SERIES MODEL
For the mode-I fracture of metal/ceramic interface systems at
zero temperature, the total energy Φ̅ consists of three parts

(1)

whereΦM,ΦC, andΦint denote the interplanar cohesive energies
of the metal, ceramic, and interface, respectively. NM and NC
denote the numbers of interatomic planes in the metal and
ceramic. The boundary displacement δ̅ equals the sum of all
interplanar opening displacements

(2)

During the quasi-static deformation process, each part of the
interface system satisfies the force equilibrium condition, i.e., the
interplanar cohesive tractions equal the far-field cohesive
traction t:̅

(3)

Equations 1−3 are the governing equations of the heteroge-
neous interface fracture model.
As depicted schematically in Figure 1, if each atomic layer is

equivalent to a material point, then the interface model can be
discretized to many spaced material points interacting through
an array of springs connecting neighboring points, i.e., the spring
series model. According to the energy change of the interface
system, the interface fracture process can be divided into two
stages: the loading stage (δint ≤ δint′ ) and the catastrophic failure
stage (δint′ < δint ≤ δint″ ). In the loading stage, external work is
transformed into the elastic energy accumulated in bulk
materials and interfacial cohesive energy. When the total energy
of the interface system reaches the maximum, i.e., a further
increase in boundary displacement will cause the interface to
enter the fast-softening section of the interface cohesive curve,
the interface loses its bearing capacity and enters the
catastrophic failure stage.
2.1. Catastrophe Point (δint′ , tint′ ). For macroscopic

interface systems (NM → ∞,NC → ∞), the interplanar opening
displacements in bulk materials tend to zero under finite
boundary displacement; thus, the interplanar interactions can be
modeled as linear springs with stiffness C.16 At the interface, the
interplanar traction−separation relationship is usually non-
linear. We express the interface cohesive energy Φint as the
integral of the interface traction tint. According to the theoretical
model in ref 25, the total energy Φ̅ in eq 1 can be written as

(4)

The force equilibrium equation eq 3 can be substituted into eq
4 and Φ̅ can be written as a function of the interface opening
displacement δint

(5)

At the catastrophe point, the total energy Φ̅ reaches the
maximum and its first derivative equals zero

Figure 1. (a) Schematics of atomistic scale interface fracture in a layered structure of fcc-metal/MgO. δint = 0: initial equilibrium state. δint = δint′ :
catastrophe point before interface catastrophic failure. δint = δint″ : spring-back point after interface catastrophic failure. (b) Interplanar cohesive
relationships of the metal, interface, and ceramic (from top to bottom). Rigid tension results (black lines) and relaxed tension results (red dots).
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(6)

Note that interplanar traction tint > 0 at the catastrophe point;
then, one can derive the slope of the interface cohesive curve at
the catastrophe point

(7)

It is interesting that the interfacial catastrophic failure does not
occur at the peak interface traction but somewhere after it. When
the interface system contains a sufficiently large number of
atomic layers (NC → ∞, NM → ∞), , i.e., the

catastrophe point coincides with the peak interface traction
point.
2.2. Spring-back Point (δint″ , tint″ ). Considering the

discontinuities in most material properties (e.g., thermal and
elastic properties) across metal/ceramic interfaces, the interface
is often the weak link in the system13,26 and failure usually occurs
at the interface. Therefore, we consider interface fracture in the
model. At the catastrophe point, the interface cohesive
relationship enters the softening stage, and the corresponding
boundary displacement δ̅′ is

(8)

With a slight increase in δ̅, the interface loses its bearing capacity
and a fracture zone appears. The bulk materials are unloaded as
this damage increases, accompanied by rapid release of elastic
energy and interface spring-back (Figure 1a)

(9)

Evidently, in the limit of dδ̅ → 0, the spring-back length Δδint
after interface catastrophic failure reduces to

(10)

After the interface spring-back, the interface breaks suddenly
and the interface traction decreases from tint′ to tint″ . Since the total
energy of the interface system decreases with the decrease of
interface traction (eq 5), the reduction of tint during interfacial
fracture is accompanied by the release of system energy. Note
that the spring-back length Δδint is proportional to the decrease

of interface traction (tint′ − tint″ ) after interface breaking, which
corresponds to the sudden release of elastic energy. Therefore,
the spring-back lengthΔδint characterizes the energy release rate
during interfacial fracture to some extent. For an interface
system with a fixed thickness ratio, the thicker the interface
model, the longer the spring-back length.

3. ATOMISTIC SIMULATION METHOD
3.1. Interface Model. As illustrative examples, we

considered three fcc-metal/MgO(001) interface systems: Pd/
MgO, Ag/MgO, and Au/MgO. Because of the lattice mismatch,
equilibrium fcc-metal/MgO(001) interfaces are usually semi-
coherent with ordered, localized interfacial misfit disloca-
tions.27,28 In the region between the misfit dislocation lines,
metal atoms match perfectly with MgO atoms, forming a local
interfacial coherent region. In this work, both coherent and
semi-coherent metal/MgO(001) interface models were con-
structed (Figure 2). The cubic axis of fcc-metal and rock-salt
structure MgO were aligned, i.e., [110]M||[110]MgO (x-axis),
[1̅10]M||[1̅10]MgO (y-axis), and [001]M||[001]MgO (z-axis). The
interface normal was parallel to the [001] crystal orientation, in
accordance with the interface orientation relationship in
experiments.27,29,30

In the coherent interface models, metal atoms sit on the most
stable O sites.31−33 In the semi-coherent interface models, the
number of unit cells parallel to the interface was set as (m + 1) ×
(m + 1): m × m. Two groups of mutually perpendicular
dislocation lines (DLs) were placed in themetal side (marked by
the blue dashed lines in Figure 2b). According to the lattice
mismatch, the ratios of unit cells between metal and MgO were
14:13 (Pd/MgO), 20:19 (Ag/MgO), and 26:25 (Au/MgO).
The interface model was periodic in x, y, and z directions. To
avoid spurious slab−slab interactions caused by the periodic
boundary condition along the z direction, the metal slab and
MgO slab were separated by a vacuum region, which was twice
the thickness of the interface system. The interatomic
interactions were described by the Rahman−Stillinger−
Lemberg pair potential extracted directly from ab initio adhesive
or cohesive energies.34 These potentials have proven to be able
to reproduce the basic elastic and energetic properties of bulk
materials, as well as the adhesive energies of metal/ceramic
interfaces.3,35,36

3.2. Rigid-type Fracture Simulation. Rigid-type fracture
simulations were conducted to obtain the interplanar cohesive
relationships. For both coherent interface models and bulk
material models, the models were first relaxed via the conjugate
gradient (CG) algorithm. Then, the upper and lower parts of the
models were totally fixed, and the two parts were rigidly
separated along the [001] direction. The energy and interplanar

Figure 2. Fcc-metal/MgO(001) interface model: (a) coherent interface and (b) semi-coherent interface.
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traction during rigid-type fracture were recorded to obtain the
intrinsic interplanar potentials and traction−separation relation-
ships.
3.3. Quasi-static Fracture Simulation. The initial

coherent and semi-coherent interface models were relaxed
through twomolecular static methods�the FIRE algorithm and
the conjugate gradient (CG) algorithmwith a force convergence
tolerance of 10−4 eV/Å. Then, the bottommonolayer (ML) was
fixed, and the top ML was iteratively displaced along the [001]
direction with a step size of 0.01 Å. Further check shows that
0.01 Å is small enough to capture the breaking of metal−O
bonds at the interface. After each displacement loading, the
mobile atoms between boundaries were equilibrated through
the CG algorithm under interatomic potentials. To study the
change of interface interaction and system energy in the process
of catastrophic failure, we transformed from boundary displace-
ment loading to interface displacement loading at the
catastrophe point: the boundary monolayers (MLs) were fixed
while the interfacial metal ML andMgOML were separated in a
displacement ratio inversely proportional to the ratio of spring
stiffness. This ensures that the interface system satisfies the force
equilibrium condition throughout the simulation. During the
process of tensile deformation, there is only normal relative
displacement between adjacent atomic layers and the shear
stress in the material is zero. Therefore, the phase angle of
loading is zero. The simulations were performed using
LAMMPS.37

4. RESULTS
4.1. Interplanar Potentials. Figures 3 and 4 show the

interplanar potentials and traction−separation relationships for
interfaces and bulk materials obtained by the rigid-type fracture
simulation. For all metal/MgO(100) interfaces, the interplanar
potential energies increase with the increase of interface distance

and remain constant after the interface is completely separated
(Figure 3a). The interface traction−separation relationships
were obtained by differentiating the potential energy with
respect to the interface distance. Interface traction tint increases
monotonically from zero to the peak value tintmax. Then, the
interface traction curve enters the softening stage and tint
decreases slowly with the increase of interface separation
distance (Figure 3b). Among the three fcc-metal/MgO
interfaces, the Pd/MgO interface with the highest strength
(13.03 GPa) and interfacial separation energy Esep (1.68 J/m2) is
relatively strong. This is partly due to the relatively small
electron transfer at the Pd/MgO(100) interface, so the cohesion
of the metal is expected to be little modified by the MgO.33

For bulk materials, the interplanar potential energies increase
with the increase of interplanar separation distance and remain
constant after the bulk materials are completely separated to
form two new free surfaces (Figure 4a). The shape of interplanar
traction−separation curves of bulk materials (Figure 4b) is
similar to that of the interfaces (Figure 3b). However, the
interplanar strengths are much higher than the interface
strengths, indicating that interface fracture rather than bulk
material fracture is energetically favorable. This reflects the weak
link characteristics of the metal/ceramic interfaces.13,26 The
interplanar spring stiffnesses C of bulk materials are obtained
from the slope of the initial linear segment of the t−δ curve, as
listed in Table 1. To verify the values of the interplanar spring
stiffness C, the calculated C values were compared with the
elastic constant C11, which measures the ability of a material to
resist uniaxial tension or compression and is equivalent to the
stiffness of an ordinary spring. For Ag and Au, the interplanar
spring stiffness C values are nearly one-half of that of MgO.
While for Pd, which has a higher elastic constant than Ag and Au,
the interplanar spring stiffness C is close to that of MgO.38 For

Figure 3. (a) Interplanar potentials and (b) traction−separation relationships of three metal/MgO interfaces.

Figure 4. (a) Interplanar potentials and (b) traction−separation relationships of bulk materials.
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different bulk materials, the relative value of C is basically
consistent with that of C11.
The difference in interplanar spring stiffnesses and elastic

constants between the metal (Pd, Ag, and Au) and MgO
indicates an elastic mismatch between metal and MgO. For an
interface between two elastic materials, the fracture behavior
depends on the elastic mismatch. Dundurs’ parameters α and β
have been proven useful in characterizing the elastic mismatch of
bimaterials39−41 and the parameters are42

(11)

where μi is the shear modulus, the constant κi = 3− 4νi for plane
strain and κi = (3− νi)/(1 + νi) for plane stress, where νi denotes
Poisson’s ratio. Subscripts 1 and 2 denote the twomaterials. The
Durdurs’ parameters for the considered combinations of metal
and ceramic are shown in Table 2. α is a measure of the relative

stiffness of the twomaterials and a negative value of αmeans that
material 1 is relatively soft and material 2 is relatively rigid. Note
that for the Ag/MgO interface, the absolute value of α is the
largest, indicating that the stiffness difference between Ag and
MgO is the most significant.
4.2. Interface Catastrophic Failure Behavior. 4.2.1. Co-

herent Interface. Figure 5 shows the catastrophic failure

behaviors of three coherent metal/MgO(001) interfaces by
the quasi-static fracture simulation. As predicted by eq 7, the
catastrophe points of different interface models all fall behind
the peak interface tractions. Equation 7 also indicates that the
higher the interplanar stiffness of metal, the greater the
magnitude of the slope corresponding to the catastrophe
point, meaning that the catastrophe point is further away from
the peak point of interface stress where the slope is zero. Among
the three metals studied in this work, Pd has the highest
interplanar spring stiffnessC, so the catastrophe point of the Pd/
MgO interface is farther from the peak point of interface stress.
Though the interplanar spring stiffnesses of Ag and Au are
basically the same, the strength of the Ag/MgO interface is
higher than that of the Au/MgO interface, which makes the
interface traction−separation curve of the Ag/MgO interface
steeper. Consequently, the catastrophe point determined using
eq 7 is close to the peak interface stress.
Based on eqs 7 and 10 and Table 1, one can calculate the

interface displacement after interface spring-back δint″ . Figure 5a
shows that the simulation results of δint″ (marked by solid arrows)
of the Pd/MgO interface and the Au/MgO interface agree well
with the theoretical results (marked by dotted arrows). For the
Ag/MgO interface, the simulation result is obviously larger than
the theoretical result. Since Ag is soft and the interface strength
is relatively high, the Ag/MgO interface system has the greatest
elastic elongation at the catastrophe point. Consequently, the
boundary effect in molecular simulations�larger interlayer
spacing in the metal near the fixed boundary and the
interface43�is evident.

4.2.2. Semi-coherent Interface. Figure 6 shows the
disregistry plot of the equilibrium metal/MgO interfaces. After
relaxation, the atomic displacements around the misfit
dislocation lines, especially near the dislocation nodes, are the
largest. The misfit dislocations are all edge type with the Burgers
vector b = a/2<110>.30,44,45 Both interface interaction and
stiffness of metal affect the equilibrium interface structure.
Figure 6 shows that the atomic displacements around the misfit
dislocation lines of the Ag/MgO interface are the most
significant, indicating larger deformation of Ag near the interface
after interface relaxation. While for the Au/MgO interface with
lower interface strength than the Ag/MgO interface, the atomic
displacements after interface relaxation are more evenly
distributed. Earlier HRTEM images of the deposited Au clusters
on MgO show a coherent interface configuration.29

The generation of misfit dislocations at the metal/ceramic
interfaces affects the interfacial atomic configurations as well as

Table 1. Interplanar Spring Stiffnesses C and Elastic
Constants C11 of Bulk Materials in the Metal/MgO Interface
Systems

bulk materials C (GPa/Å) C11 (GPa)

Pd 162.31 227.138

Ag 65.12 122.238

Au 68.15 192.938

MgO 137.26 29438

Table 2. Durdurs’ Parameters α and β for the Combinations
of Metal and Ceramic

material 1/material 2 G1/G2 α β
Pd/MgO 0.416 −0.39 −0.059
Ag/MgO 0.275 −0.56 −0.102
Au/MgO 0.269 −0.54 −0.056

Figure 5. (a) Interface catastrophic failure behaviors of three coherent metal/MgO interfaces (6u−6u interface model). The solid arrows and dotted
arrows mark the interface displacement δint″ after spring-back by simulation and eqs 7 and 10. (b) The atomic configurations and schematics of spring
series models corresponding to point A and point B in panel (a).
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the interface adhesion. Table 3 lists the equilibrium interface
distance d0 and work of adhesion Wadh of both coherent and
semi-coherent metal/MgO interfaces. As a measure of interface
bond strength,Wadh is obtained by subtraction of total energies

at equilibrium from slab energies at large interface separation.46

Because of the greater metal−O distance around the misfit
dislocations, the equilibrium interface distances of the three
semi-coherent metal/MgO interfaces are larger than that of the

Figure 6.Disregistry plot of three semi-coherentmetal/MgO interface systems showing themisfit dislocation network. For clarity, only one dislocation
node is shown.

Table 3. Comparison of Equilibrium Interface Distance d0 and Work of Adhesion Wadh between Coherent and Semi-coherent
Metal/MgO Interfacesa

d0 (Å) Wadh (J/m2)

interfaces this work exp. this work exp. wdis/w

Pd/MgO coherent 2.21 2.22 ± 0.0330 1.63 _ 0.17
semi-coherent 2.24 2.15−2.2330 1.28

Ag/MgO coherent 2.39 2.52 ± 0.147 0.99 0.49−0.8948 0.21
semi-coherent 2.42 0.62 0.45 ± 0.149

Au/MgO coherent 2.65 2.9729 0.40 _ 0.16
semi-coherent 2.71 0.26

awdis/w: the dimensionless widths of misfit dislocations.

Figure 7. (a) Interface catastrophic failure behaviors of three semi-coherent metal/MgO interfaces (6u−6u interface model). (b) The atomic
configurations and schematics of spring series models corresponding to point A and point B in panel (a).
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coherent interfaces. Besides, misfit dislocations reduce the
number of metal−O bonds that contribute to the adhesion of
metal/MgO interfaces, so the Wadh of the semi-coherent
interface is lower than that of the corresponding coherent
interface.
Figure 7 shows the interface catastrophic failure behaviors of

three semi-coherent metal/MgO interfaces. Compared with the
coherent interface systems of the same thickness, the interface
fracture processes of semi-coherent interface systems appear to
be more continuous: the catastrophe point is farther from the
peak interface traction and the spring-back length is shorter
(Figure 7a). This transition in fracture characteristics is closely
associated with the inhomogeneous distribution of the metal−O
bond distance at the semi-coherent metal/MgO interfaces. After
tint reaches the peak value, the “weak” springs in the dislocation
node regions first break, while the “strong” springs in the
coherent regions remain connected (point A in Figure 7b).
When all interfacial springs break, the interface enters the
softening stage before complete separation (point B in Figure
7b). This gradual breaking of interface springs results in a slower
energy release rate during the process of interface failure.
Misfit dislocations reduce the effective interface area (metal

atoms on O site), which ultimately leads to a decrease in tintmax
compared with ideal interface strength. The dislocation width
wdis can be estimated based on the drop of tintmax

50

(12)

where tsemimax and tcohemax are the tensile strengths of semi-coherent
and coherent interfaces, L is the dislocation length, and S is the
interface area. In principle, wdis depends on the dislocation
distance w, interface interaction, and stiffnesses of the two

constituent materials. The dimensionless dislocation widths
wdis/w listed in Table 2 show that the Au/MgO interface has the
smallest dislocation width while the Ag/MgO interface has the
largest dislocation width, which suggests that the weakening
effect of misfit dislocations on the Ag/MgO interface is the most
significant.
4.3. Scale Effects. As discussed in Section 2, both

catastrophe point and spring-back length are scale-dependent.
Figure 8 shows the interface traction−separation relationships of
both coherent and semi-coherent metal/MgO(001) interfaces
with different thicknesses. The thickness ratio between metal
and MgO is kept as 1.
For comparison of the results of the spring series model and

atomistic simulation method, we calculated the interface
displacement at catastrophe point δint′ and spring-back length
Δδint of three metal/MgO interface systems of different
thicknesses, as shown in Table 4. For the thin Au/MgO
interface system (4u−4u), due to the relatively low interface
strength and soft metal, the elastic energy accumulated in the
loading stage is insufficient to break the interface to form two
new free surfaces. Therefore, no spring-back occurs during the
interface fracture process. For each model thickness, the δint′ by
atomistic simulation is smaller than that of the spring series
model, while theΔδint by atomistic simulation is larger than that
of the spring series model. This is mainly due to the boundary
effect in atomistic simulations,43 which causes the atomistic
interface model to be stretched to a greater degree than the
theoretical model in the loading stage. However, both the
theoretical model and atomistic simulation results show a similar
effect of model thickness: the thicker the interface model, the
closer the catastrophe point is to the peak interface traction, and
the longer the spring-back length after interface breaking. For
example, with the increase of the model thickness, the interface

Figure 8. Interface traction−separation relationships of three metal/MgO interface systems with different thicknesses: (a) coherent interface and (b)
semi-coherent interface.

Table 4. Interface Displacement at the Catastrophe Point (δint′ ) and the Spring-back Length (Δδint) of the Pd/MgO Interface, Ag/
MgO Interface, and Au/MgO Interface of Different Thicknesses

Pd/MgO Ag/MgO Au/MgO

model thickness δint′ (Å) Δδint (Å) δint′ (Å) Δδint (Å) δint′ (Å) Δδint (Å)
4u−4u spring series model 0.66 0.62 0.47 1.11 _ _

atomistic simulation 0.57 1.39 0.36 2.42 _ _
6u−6u spring series model 0.55 1.82 0.42 2.35 0.66 0.69

atomistic simulation 0.47 2.42 0.33 3.56 0.55 1.03
8u−8u spring series model 0.51 2.68 0.40 3.18 0.57 1.30

atomistic simulation 0.49 3.25 0.32 4.70 0.53 1.61
10u−10u spring series model 0.49 3.44 0.39 4.00 0.54 1.73

atomistic simulation 0.42 4.16 0.33 5.80 0.52 2.04
12u−12u spring series model 0.46 4.17 0.38 4.77 0.52 2.12

atomistic simulation 0.43 5.08 0.33 6.97 0.53 2.53
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displacement at the catastrophe point δint′ of the Pd/MgO
interface in the atomistic simulations decreases from 0.57 to 0.43
Å, while the spring-back length increases from 1.39 to 5.08 Å.
The reasons for the observed effect of thickness are twofold.

For the catastrophe point, eq 7 shows that the absolute value of
the slope of the interface cohesive curve at the catastrophe point
decreases with the increase of model thickness, indicating that
the catastrophe point of the thick interface model is close to the
peak interface traction where the slope is zero. Therefore, as the
model thickness increases, the catastrophe point gradually
approaches the peak interface traction from a location after the
peak interface traction. For the spring-back length, the length of
all interfaces increases as the thickness of the model increases, as
indicated by eq 10. Besides, the spring-back length is also
material-specific. For the metal/MgO interface system formed
by a relatively strong interface and soft metal (e.g., the Ag/MgO
interface system), more elastic energy is accumulated in bulk
materials during the loading stage. The huge difference in energy
distribution between bulk and interface cohesive parts promotes
the rapid release of elastic energy, which is macroscopically
reflected as a catastrophic failure of the interface and obvious
interface spring-back. On the contrary, for the metal/MgO
interface system formed by a relatively weak interface (e.g., the
Au/MgO interface system), the system stores less elastic energy
at the catastrophe point. After interface spring-back, a smaller
energy release rate corresponds to a shorter spring-back length,
indicating a more continuous interface fracture process.
Figure 8b shows the interface cohesive relationships of the

three semi-coherent metal/MgO interface systems with differ-
ent thicknesses. Similar to the scale effects of coherent interface
systems, thicker semi-coherent interface models show more
pronounced catastrophic failure characteristics: the catastrophe
traction tintc is closer to the peak interface traction and the spring-
back length after interface breaking is longer. On the other hand,
the interface fracture processes of semi-coherent interfaces
appear to be more continuous. Because of the decreased
interface tensile strengths, the spring-back lengths are all about
50% shorter than those of the same thickness coherent interface
systems.

5. DISCUSSION
In this work, we have characterized the atomic scale catastrophic
failure process of metal/ceramic interfaces based on the spring
series model and atomistic simulations. We have quantitatively
analyzed the material and structure factors that influence the
beginning (catastrophe point) and end (spring-back length) of
the catastrophic failure process and found that the catastrophe
point approaches the peak interface traction as the model
thickness increases. Besides, the fracture process of the semi-
coherent interface is more continuous than the coherent
interface due to the gradual breaking of interface springs.
The interface traction−separation curves of different thick-

ness interface models all fall on the same cohesive curve for a
specific interface. This relationship reflects the intrinsic
properties of the interface, which depends on the constituent
materials and crystal orientation relationship. The area under
the traction−separation relationship represents the atomistic
scale fracture energy of the interface. To connect the atomistic
and engineering descriptions of the cohesive law, Nguyen et al.16

coarse-grain the cohesive behavior of a cohesive layer by a
reduction in the cohesive traction and an increase in the opening
displacement range, while the fracture energy remains invariant.
Macroscopically, the interface fracture can be regarded as the

cooperative behavior of a large number of interatomic planes.
The length of the cohesive zone, which is the distance from the
crack tip to the point where the maximum cohesive traction is
attained,51 measures the local element size. Based on the relative
magnitude of the fracture energy at the atomic scale (ΦPd/MgO >
ΦAg/MgO > ΦAu/MgO), we preliminarily estimated that the
cohesive zone size l of the three interfaces is sorted as lPd/MgO
> lAg/MgO > lAu/MgO, assuming that the macroscopic maximum
cohesive traction of the three interfaces do not differ much.
In metal/ceramic layered systems, the metal and ceramic are

usually polycrystals. A crack in an interface can experience either
kinking or cleaving along the grain boundaries dependingmainly
on the relative toughness associated with the competing
direction of advance.39 According to Griffith,52 the mechanical
energy release upon crack advance must be in balance with the
energy required to create the two new surfaces. Therefore,
crystal lattice planes with low surface energies are energetically
favored as cleavage planes. To investigate the directional
anisotropy of the three fcc-metal/MgO interfaces during
fracture, we calculated the interfacial separation energies of
three perfect fcc-metal/MgO (110) interfaces. The specific
potential parameters can be referred to ref 53. Figure 9 shows the

change of system energy relative to the equilibrium interface
structure during a rigid-type fracture simulation. The energy
required to break the interface is the interfacial separation
energy Esep, which corresponds to the plateau of the interplanar
potential energy curve. For the three fcc-metal/MgO interfaces,
the interfacial separation energies of metal/MgO(110) inter-
faces are all higher than that of the corresponding metal/
MgO(001) interfaces, indicating that the metal/MgO(001)
interface is energetically favorable for a crack to propagate. The
comparative theoretical study of the Ag/MgO(100) and (110)
interfaces based on first-principles calculations also showed this
directional anisotropy.54

For heterogeneous interface systems composed of poly-
crystalline materials, grain boundaries are also the source of
crack initiation and propagation. Intergranular and transgranular
microcracking represent two of the main failure mechanisms.
For cleavage fracture, where the crack propagation speed is high
with negligible or no plastic deformation, the occurrence of the
two cracking modes is affected by several factors such as
crystallographic lattice, the surface, and the modulus. The spring
series model can be extended to grain boundary fracture
problems to predict the catastrophic failure behavior of grain

Figure 9. Interplanar potentials of fcc-metal/MgO(110) interfaces and
fcc-metal/MgO(001) interfaces.
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boundaries. On the other hand, to compensate for the mismatch
between the orientation of the cleavage planes on either side of
the interface, grain boundaries can also provide resistance to
cleavage fracture.55

6. CONCLUSIONS
In this study, the catastrophic failure process of metal/ceramic
interfaces was characterized using the spring series model and
molecular static simulations. The theoretical catastrophe point
at which the interface begins to cleavage fracture falls behind the
peak interface traction. The thicker the interface model, the
closer the catastrophe point is to the peak interface traction.
After the catastrophe point, the interface enters the fast-
softening stage and an obvious interface spring-back phenom-
enon occurs accompanied by a rapid release of elastic energy.
The spring-back length, which characterizes the rate of energy
release, depends on the catastrophic stress, model thickness, and
stiffness of bulk materials. For semi-coherent interfaces with
misfit dislocations, the interface strength is reduced by nearly
half compared with the ideal strength due to the decrease of an
effective interface area. As the model thickness increases, more
elastic strain energy is accumulated in bulk materials before
fracture and the interface shows catastrophic failure character-
istics. This study sheds insight into the mechanisms of cleavage
fracture at metal/ceramic interfaces and may help to address the
mechanical instability of layered metal−ceramic composites
under extreme conditions (low temperature and high loading
rate) through material and microstructure design.
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