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ARTICLE INFO ABSTRACT

Metal-oxide composites with advanced mechanical properties play an important role in many practical appli-
cations, and failure of the metal-oxide interface is directly related to service life of related structures. In order to
understand interface failure mechanism, study on atomic-scale separation of metal-oxide interface is significant.
In this work, shear behaviors of Ag/MgO (0 0 1) coherent interface and semi-coherent interfaces are studied by
employing molecular mechanics method, and some interesting size and defect effects are found. The simulation
results show that interface shear stress and displacement appear periodic characteristics with loading. For co-
herent interface, the interface shear stress and displacement both increase first in each period, then the shear
stress drops abruptly after reaching ideal shear strength, and the shear displacement jumps by a unit cell length.
The shear strength keeps a constant for all periods. Atomistic simulations of interface systems with different
thicknesses show size-independent shear strength and intrinsic interface adhesive energy, but needed loading
displacement for the first jump of interface displacement is larger for the thicker systems due to the larger energy
consumed by bulk materials. For both 1D and 2D semi-coherent interfaces with dislocations, the shear strength is
more than one order of magnitude lower than the ideal shear strength, and the interface displacement changes
more continuously with decreased period, which is attributed to different shear mechanism related to dislocation
gliding. Comparing 2D semi-coherent interface with 1D case, the shear strength and energy barrier of dislocation
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motion are both higher due to pinning effect of dislocation intersections.

1. Introduction

In many technological applications, such as thermal barrier coatings
(TBCs), catalysts, and composite materials, the mechanical properties of
metal/oxide interfaces affect the functionality of the systems [1-4]. In
general, interface fracture or slipping under complex loading conditions
is the important origin of macroscopic failure. A prominent example is
in TBCs, when the residual or loading stress exceeds the critical value,
interface crack initiates and crack propagation will eventually lead to
the delamination between ceramic top coat and metallic bond layer,
which is closely related to micro-scale separation mechanism of the
interface. Therefore, it is significant to investigate the failure me-
chanism of metal/oxide interface at atomistic scale.

Compared with interface tensile fracture, interface shear slipping is
more complicated considering the effect of loading condition, interface
structure and deformation of the constituent bulk materials. A great
deal of experimental [5,6] and theoretical studies [7-9] on the shear
behavior of nanoscale metal/ceramic interface systems have been

carried out. Through shear and normal compression experiments on
CrN/metal-interlayer/Si systems, Zhang et al. revealed that the metal/
ceramic chemical interface served to weaken the metal layers near the
interface mechanically [5]. Guo et al. found that the shear deformation
of Ni/Al,O3 interface took place by a successive breaking and re-
bonding process of the Al-O bond based on the density function theory
(DFT) calculation [8].

Though the development of high resolution transmission electron
microscopy (HRTEM) and in-situ instrumented micro/nano scale me-
chanical testing capabilities make it possible for direct atomic ob-
servations as well as quantitative analysis for metal/oxide interfaces
[5], it is still quite challenging to study atomic behaviors at and ad-
jacent to the interface during interface dynamics, which hinders the
understanding of the physics determining the interface mechanical re-
sponse. On the simulation side, the availability of accurate metal/oxide
interface potentials, which are also convenient for large-scale parallel
computing, hampers the molecular dynamics study. The pair potentials
extracted from ab-initio adhesive or cohesive energies by Chen-Mobius
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inversion method [10,11] prove to be a reasonable description of the
metal/oxide interfaces [12].

Owning to the simple epitaxial relationships and negligible che-
mical and charge transfer contribution to bonding, Ag/MgO(00 1)
system was often chosen as a model of metal/oxide interface [13,14].
Most of the earlier experimental research investigated the structure and
morphology of Ag/MgO interface [15-17], and during in-situ growth of
Ag on MgO(0 0 1) surfaces, it was observed that the interface structure
transformed from coherent to semi-coherent interface, which was
characterized by a square misfit dislocation network oriented
along <11 0> directions [17]. Actually, fundamental properties of these
two types of interfaces, such as shear strength and the energy, are key
factors determining mechanical response of real Ag/MgO interface.

In this work, shear behaviors of both coherent and semi-coherent
Ag/MgO(0 0 1) interfaces are investigated by using atomistic simulation
method to shed light on mechanical response of relevant metal/oxide
interfaces. First, a coherent interface model and interatomic potentials
are introduced in Section 2. The generalized stacking fault energy
(GSFE) profile and interplanar stiffness are calculated and analyzed
based on the interface potential. These properties are related to me-
chanical behaviors of Ag/MgO interface systems. Second, a simulation
methodology which contains shear loading method and stress calcula-
tion method is introduced in Section 3. Next, calculation results of the
coherent and semi-coherent interfaces are shown in Section 4 and
Section 5, respectively. Interface shear behavior and induced interface
compression are studied in Section 4.1. The effect of model thickness is
investigated in Section 4.2. The semi-coherent interface structures,
computational models and corresponding interface shear behaviors of
both one-dimensional (1D) and two-dimensional (2D) dislocation in-
terfaces are presented in Section 5.1 and Section 5.2, respectively. Fi-
nally, the conclusion of this paper is given in Section 6.

2. Coherent interface model and interatomic potentials
2.1. Coherent interface model
The computational model of coherent Ag/MgO interface system is

shown in Fig. 1(a). Based on experimental observations [18,19], the
preferred interface plane is [00 1]a4||[00 1]mgo (2-axis), and the or-
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[110]ag||[110lmgo (x-axis), [110]a||[110]ygo (y-axis). Note that the
Ag/MgO(0 0 1) interface is a fcc/rocksalt structure, and there are three
possible interface matching positions: Ag on O site, Ag on Mg site or Ag
on hollow site. Ab-initio calculations [11,20] revealed that Ag on O site
corresponded to the lowest adhesive energy of Ag/MgO(001) inter-
face, thus coherent interface of Ag on O site is studied here. The si-
mulation box is periodic in x, y and z directions, and further check
indicates that interface area does not affect the simulation results. In 2
direction, the upper monolayer (ML) and lower ML are fixed boundaries
and enough thick vacuum layer is inserted above the upper ML and
under the lower ML. The size of the simulation cells are 20 X 10 X L-L,
where 20, 10 and L are the number of unit lattices along x, y and z
directions, respectively. The thicknesses (L) of Ag and MgO are kept the
same and L changes from 5a to 25a to investigate the effect of model
thickness.

Fig. 1(b) shows the interfacial atomic configuration, and it can be
seen that Ag atoms sit on O sites. The unit cell length
along <1 0 0> crystal orientation (z-axis) is lattice constant a (marked by
the yellow dashed square). While along <1 1 0> crystal orientations (x-
and y-axis), the unit cell length is defined as 1u = ~2a/2 (marked by
the red solid square). Since metal is much softer than ceramic, the
lattice constants are both taken as that of MgO (4.32 A) in this coherent
model, i.e., the lattices are forced to match at the interface.

2.2. Interatomic potentials and GSFE profile

Pair potentials have been employed to describe the interatomic in-
teractions of Ag/MgO interface systems in our previous work [21], and
the interatomic potentials contain both interface potential and bulk
potentials. The interface potential is in the Rahman-Stillinger-Lemberg
potential (RSL2) form [11,22]:
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Fig. 1. The computational model of coherent Ag/MgO interface system. (a) Atomic structure of the whole interface model, the top and bottom yellow atoms
represent the fixed boundaries. (b) Interfacial atomic configuration showing different unit cells along [1 001, [1 1 0] crystal orientations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Calculated cohesive energy E per unit atom, equilibrium lattice constant a, elastic moduli Cj;, and bulk modulus B of Ag and MgO crystals. For comparison, the

corresponding experimental and other theoretical results are also listed.

Ag MgO
This work Expt. EAM [23] This work Expt. Long’s work [22]
E (eV) -3.13 —2.96 [24] -2.85 —18.92 - —18.94
a(A) 4.08 4.09 [25], 4.09 4.32 4.22 [25] 4.32
4.07 [26]
Ci1 (GPa) 145.16 122.2 [25] 129.15 318.75 294 [25] 319.2
124 [26]
C12 (GPa) 92.13 90.7 [25] 91.09 89.25 93 [25] 89.9
93 [26]
Ca44 (GPa) 92.13 45.4 [25] 56.80 89.17 155 [25] 89.9
46 [26]
B (GPa) 111.62 101 [26] 104.99 82.89 - -

form Dy(e™ (RLo_l)—Ze_%(RLo_l)); for Mg—O interaction, the short-range
part ®3fy_o(r) is in the form of Dye” (-%y). The detailed explanation and
related potential parameters can be found in Table 1 in Ref. [21].

As a basic check for the potentials, some elastic properties and the
energy are calculated as listed in Table 1. These theoretical values are
compared with other theoretical results, such as Long’s work [22] and
the results obtained by embedded-atom method (EAM) potential [23],
and experimental data [24-26].

The agreement of most parameters indicates that these potentials can
reasonably describe the elastic behavior of Ag and MgO. Cy44 is not in good
agreement, which is an unavoidable limitation of pair potential approach
and C44 = C; based on the Cauchy relation [22]. We compared the
generalized stacking fault energy (GSFE) of Ag and MgO with those based
on the EAM potential [23] and the DFT method [27-31]. Although the
absolute values are different more or less, the GSFE forms and the easy
shear directions are the same. High estimated shear modulus of Ag will
induce its decreased elastic deformation during interface shear process,
but it does not affect the interface properties such as interface strength and
work of adhesion obviously. In this work, we focus on interface behavior,
and the pair potential is good to describe interface properties. For different
translation states of Ag/MgO(0 0 1) interface, the adhesive energy curves
obtained from the present potential are consistent with the results from ab
initio calculation [11]. In short, these potentials prove to be applicable for
investigating the slipping process of Ag/MgO interface.

In order to investigate the energy barrier of interface shear, the
generalized stacking fault energy (GSFE) of Ag/MgO(0 0 1) interface is
calculated by rigidly displacing Ag slab in the [100] and [01 0] di-
rections, and the potential energy after relaxation at each relative po-
sition is recorded. Atoms are only allowed to relax in the direction
perpendicular to the interface and the GSFE of equilibrium structure is
taken as a reference. To do a comparison between the interatomic po-
tential result and the DFT result of GSFE, we also calculated the slip
energy vs. distance curves by using the conjugate-gradient method of
VASP program [32,33] with GGA functional. The pseudopotential is
projector augmented-wave (PAW) [33,34], the plane wave cut-off en-
ergy is 600 eV, the k-point mesh is 6 x 6 X 1, generated by the Mon-
khorst-Park scheme [35,36], and the energy convergence tolerances for
electronic self-consistency and ionic relaxation are 10~ % eV and 10~
eV respectively. Besides, some GSFE points based on DFT adhesive
energies [37,38] are plotted in Fig. 2(b), too.

Fig. 2(a) shows the GSFE profile of ideal Ag/MgO interface. Note
that the minimum energy corresponds to Ag on O site and the max-
imum energy corresponds to Ag on Mg site, which is closely related
with interfacial atomic interactions. Unlike normal interface separation,
interface shear is a successive process accompanied by continuous bond
breaking and rebonding. For Ag/MgO interface, the increase of energy
corresponds to increasing Ag—O bond length. When external work is
large enough to break all Ag—O bonds, interface shear failure occurs. As
shear displacement increases further, the Ag—O bonds reform and
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correspondingly, the energy returns to its minimum value. The profiles
of the energy surface along [110], [100] and [01 0] crystal orienta-
tions are shown in Fig. 2(b). It is clear that for interface slipping, the
energy barrier along [100] and [01 0] crystal orientations is higher
than that along [11 0] crystal orientation. It can be inferred that for
ideal Ag/MgO interface, [1 1 0] crystal orientation is easy slip direction.
Therefore, in this work the shear direction is along the [11 0] crystal
orientation (x-axis). Besides, the period of GSFE along [110] is |a/
2[11 0]|, which corresponds to the period of shear traction-displace-
ment curve in the following Section 4.1. From the comparison with the
DFT results, the shape of the DFT curves are similar to the results of pair
potentials, though there is a larger difference in energy barrier along
[110] crystallographic orientation, which is caused by different first
principle methods. Compared with earlier DFT adhesive energy results
[37], the barrier height along [110] is basically the same. We also
compared our GSFE profiles of Ag/MgO interface with the fitted two-
dimensional Fourier series result [39], the forms and energy barriers
are close, too. This proves the present pair potentials can describe the
general features of bonding across Ag/MgO interface effectively.

On the other hand, the energy barrier for interface tensile fracture
can also be obtained by rigidly displacing Ag slab in z ([0 0 1]) direction
and recording the potential energy after relaxation. Then interface
tensile cohesive traction and shear cohesive traction are calculated by
taking the first order derivative of energy versus displacement. Table 2
lists the energy barriers of interface shear and tensile failures, the co-
hesive strengths Tygiq in rigid shear/tension, and the corresponding
stiffnesses C. The interplanar stiffness is defined as the proportional
coefficient of the linear segment in cohesive traction curves [40].

First, the ideal shear strength along [1 00] crystal orientation is
higher than that along [11 0] crystal orientation, which is due to the
difference in energy profiles as shown in Fig. 2(b). Second, the tensile
stiffness (44.72 GPa/A) is nearly five times of the shear stiffness
(9.38 GPa//f\), which indicates that initial shear of equilibrium Ag/MgO
system is more energetically preferred, though the total energy con-
sumed before interface tensile and shear failures are comparable with
each other. Besides, owing to the large tensile stiffness, minute interface
normal displacement will give rise to a relatively large interface normal
stress. Therefore, when analyzing the shear mechanism of coherent Ag/
MgO interface, the induced interface normal stress cannot be ignored as
discussed in Section 4.1. Note that interface adhesive energy obtained
by interface tension here is 0.99 J/m?, which is roughly in agreement
with the DFT calculation results of 0.95 J/m? [38], 1.04 J/m? [41], and
1.05J/m? [42], etc. [43,44].

3. Simulation methodology
3.1. Shear loading

The computational model described in Section 2.1 is first relaxed



X.Q. Fuetal

-4

2

GSFE (Im)
Yk

0

Computational Materials Science 155 (2018) 116-128

(b)

1.0

—— [110](pair potential) A [110](DFT)
[—— [100](pair potential) o [100](DFT)
0.8 |-~ [010](pair potenial):DDoDD #x  Ref. [37]
o a o Ref. [38]
e o0
g
5 0.6
=
5-) 04}
g o
0.2
0.0 =
0.0 0.2 0.4 0.6 0.8 1.0
Ula

Fig. 2. (a) The GSFE surface of coherent Ag/MgO interface. (b) The profiles of the GSFE along [11 0], [1 00] and [0 1 0] crystal orientations (lines). DFT results as a
comparison (symbols). Distance denotes the relative position of Ag to MgO during interface shear.

Table 2
The energy barriers AU, of interface shear and tensile failure, the cohesive
strengths T in rigid shear/tension, and the corresponding stiffness C.

rigid
AUgon (J/m?) T2 (GPa) C (GPa/A)
Shear [110] 0.55 5.76 9.38
[100] 0.76 8.25 9.38
Tension [001] 0.9 8.85 4472

through two molecular static methods-the FIRE algorithm and the
conjugate gradient (CG) algorithm with a force convergence tolerance
of 0.01 pN. Since Ag is stretched to match MgO lattice in the coherent
interface model, Ag film is subjected to relatively large transverse
stress. Then we conduct static simulations at 0 K. As shown in Fig. 3, the
upper and lower MLs marked by the black boxes are totally fixed, i.e.,
the boundary atoms are not allowed to move in the direction perpen-
dicular to the interface. Displacement controlled shear loading along x
direction is quasi-statically applied to the fixed Ag ML with a small step
size of 0.01A. Further test indicates that 0.01 A is small enough to
capture the breaking and rebonding of Ag-O bond. In order to improve
the computational speed for large coherent models, the step size of
displacement is 0.05 A in the initial loading stage and reset to 0.01 A
when shear traction is close to its critical value. The mobile atoms are
relaxed under interatomic potentials at each loading displacement D.
The equilibrium interface spacing Ao = 2.39A, and interface spacing

Shear, D
ﬁ

Fig. 3. Schematic illustration of the displacement controlled shear loading
applied on the Ag/MgO interface system.
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during loading is A. Atom displacements d, are relative to their initial
positions in the relaxed interface structure and averaged in each atomic
layer. Interface tangential displacement &, = dy(Ag)—dy(MgO) and
normal displacement 6,, = A—A, are the relative displacements between
Ag ML and MgO ML adjacent to the interface. The subscript t and n
represent shear and tensile directions, respectively. o denotes general
stress and T represents the stress at interface. We use the LAMMPS code
[45] for atomistic simulations and Ovito [46] software to visualize
atomic structures. Standard Ewald summation [47] is performed to
compute long-range Coulomb interactions. Considering the diversity of
stress calculation methods in atomistic simulations, next we discuss the
calculation of interface stress in detail.

3.2. Interface stress calculation

In this work, four methods to calculate interface stress are con-
sidered:

(1) Virial stress (¢7)

The concept of Virial stress was introduced by Irving Kirkwood [48]
in deriving the equations of hydrodynamics in 1950. Its basic expres-
sion is as follows:

N
1 P | S
G = 2 | P -ED @) + - 3 P =xfY
i=1 j#i

@

where o,z denotes the average stress in the selected volume Q, « and g
denote the direction of stress. m? denotes the mass of the ith atom in
volume Q, u® and x® are the velocity and position of the ith atom,
respectively, & is the average velocity of the system, f& denotes the
force of atom j on atom i, N is the number of atoms in volume Q. There
is no velocity term in our molecular statics simulations and all atoms
are considered in the calculation.

(2) Metal-ceramic interaction force divided by the interface area (')
1 n
— U)]
R DIDI
i 3
where 0,5 denotes the stress at interface, « and § denote the direction of
stress. fo’{ﬁ is the interaction force between atom i and atom j through
the interface. i and j represent the interacting metal atom and oxide

atom near the interface. S is the interface area.

(3) Unit area force exerted on the boundary (')
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Fig. 4. Comparison of the four calculation methods of interface stress.
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where f; denotes the force on the ith atom in the boundary layer, S’
denotes the boundary area. In this work, S’ = S.

(4) Derivative of total energy to the loading displacement (¢'V)

o= dEtotal

SdD ®)

where Ey, denotes the total energy during interface shear, D is the
loading displacement, and S is the interface area.

Taking the coherent 20 X 10 x 10-10 Ag/MgO interface model as
an example, and using the simulation method described in Section 3.1,
the shear stresses obtained from the above four methods are shown in
Fig. 4. It shows that the interface shear stresses calculated by different
methods are basically the same. Actually, during the quasi-static
loading process the interface system maintains force equilibrium, thus
the above four definitions of interface stress are equivalent. In the
following part, we choose definition ¢! to calculate the interface trac-
tion stress (T;, T;).

4. Results of ideal Ag/MgO interface
4.1. Interface shear

The shear process of a coherent Ag/MgO interface system with the
model size of 20 X 10 X 10-10 is demonstrated in Fig. 5. It is clear in
Fig. 5(a) that the interface displacement changes periodically with in-
creasing loading displacement. The initial small increase of interface
displacement is followed by a significant displacement jump, and in
every period the change of interface shear displacement is the length of
one unit cell length, %[1 10]‘. Note that the shear loading displacement
in the first period is greater than in the subsequent periods, so the first
period stores more energy.

In Fig. 5(b), the interface shear traction-separation curve is also
periodic, the shear stress increases with increasing interface displace-
ment up to the strength value, then drops abruptly to a lower stress
level and increases again in the next period. The maximum shear stress
(i.e., shear strength) is a constant for all periods, and the period dis-
placement equals %[110]‘ as mentioned above. As shear loading dis-
placement increases, more energy is stored in the interface system and
interfacial atomic structure deviates from its lowest energy state (Ag
atoms on O site) as shown in Fig. 5(c). When external work is sufficient
to overcome the energy barrier of all Ag-O bonds breaking, energy burst
happens, accompanied by interfacial displacement jump and shear
traction drop. The area under loading segment represents the work
done for interface shear as shown Fig. 5(b). In the first period, the work
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Weon is 0.30J/m? and in subsequent periods, the average work is
0.25 J/m?. The shear strength of coherent interface (5.75 GPa) is con-
sistent with the result of rigid shear listed in Table 2.

Fig. 5(c) shows the atomic structures corresponding to four critical
states (marked by A, B, C, and D in Fig. 5(a) and (b)) from two different
perspectives. It demonstrates that in the loading process (A to B), in-
terface slipping and shear deformation of bulk materials occur at the
same time. After interface jumps by %[1 10]|, there is obvious residual
elastic deformation in Ag and MgO as shown in map C of Fig. 5(c), and
Ag atoms do not sit exactly on O sites when the second period begins.

In order to understand interface shear behavior in detail, the dis-
tributions of shear displacements and shear stresses in the whole in-
terface structure under different loading displacements (D) are shown
in Fig. 6. Here Z is the average z-coordinates of different atomic layers.

For the shear displacement distribution showed in Fig. 6(a), d,
changes linearly in both Ag (Z > 0) and MgO (Z < 0), and the slope
increases with the increase of loading displacement D before interface
shear failure (D < 6.80 A), which indicates greater interplanar shear
deformation. Note that D = 6.79A and D = 6.80 A corresponds to
points B and C in Fig. 5, respectively. The interplanar slip at the in-
terface (Z = 0) is the biggest for all loading displacements, which can
be explained by the obvious discrepancy in interplanar shear stiffness
between the interface and bulk materials. When loading displacement
reaches a critical value of D = 6.80 A, interface jumps abruptly, and the
slip distance between the two atomic layers adjacent to the interface is
one unit cell length. At the same time, part of the stored elastic energy
in bulk materials is released, as indicated by the decreased slope of d;.

Different from the shear displacement distribution, shear stresses o,
in Ag and MgO are the same and both increase with the increasing
loading displacement as shown in Fig. 6(b). Obviously, shear stresses
fluctuate in the vicinity of the interface and as D increases, this fluc-
tuation effect becomes more pronounced. This local effect is funda-
mentally caused by the existence of the interface. After interface jumps,
shear stress decreases (see from D = 6.79A to D = 6.80 [o\), agreeing
with that showed in Fig. 5(b) (from point B to C).

There are two kinds of shear: constrained shear and unconstrained
shear. In constrained shear, the vertical displacement of boundary
atoms is constrained, so a transverse compression is induced, while in
unconstrained shear, the normal traction is controlled to be zero [49].
Next, the induced interface compression is discussed in detail.

Fig. 7 shows the induced normal traction and normal displacement
of the 20 x 10 x 10-10 coherent Ag/MgO interface system. From the
normal displacement change in Fig. 7(a), it can be seen that as shear
process continues, the interface is periodically compressed, and the
maximum compressive displacement is approximately 0.07 A.

To investigate the constitutive law for induced compression, a ty-
pical traction-separation curve is plotted in Fig. 7(b). It is obvious that
the compressive stress increases as two interfacial atomic layers ap-
proach to each other. After the minimum distance point B, these two
layers jump back to the position near their initial equilibrium distance,
and the magnitude of normal traction decreases. Although induced
normal displacement is very small, the corresponding normal traction is
non-negligible and its peak value reaches approximately 1 GPa. What’s
more, this induced interface compression consumes energy. From
Fig. 7(b), that energy is calculated to be about 0.004 J/m?, almost two
orders of magnitude smaller than the energy consumed for interface
shear (0.30J/m?). If the boundary atoms are allowed to move in z di-
rection, there would be no coupling interface compression as discussed
for unconstrained shear. However, interface shear cohesive relationship
is not affected by the boundary conditions [49].

4.2. The effect of model thickness

Experimental research [1,50,51] has revealed that the thickness of
individual layers has a considerable influence on the mechanical
properties of metal/ceramic nanolaminates. In this section, the
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Fig. 5. The shear behavior of 20 X 10 x 10-10 coherent Ag/MgO interface system. (a) Interface displacement jumps as shear loading displacement increases. (b)
Interface shear cohesive relationship. (c) Atomic configurations with respect to the marked points A, B, C, and D. For clarity, two maps from different views
corresponding to each point are displayed, only two atomic layers adjacent to the interface (marked by the red boxes in left maps) are shown in right maps. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Shear displacements at each atomic layer. (b) Shear stresses at each atomic layer. Z = 0: interface; Z < 0: MgO; Z > 0: Ag.

interface traction of coherent Ag/MgO interface systems with different
model thicknesses is investigated and the effect of model thickness is
analyzed from the point of energy.

Fig. 8 shows the shear traction-separation law of coherent Ag/MgO
interface systems with model thickness ranging from 4 nm to 20 nm.
Similar to Fig. 5(b), all curves in Fig. 8 contain both linear increased
stage and jumping stage in one period. Since model thickness has nearly

no effect on the relaxed interface configuration for coherent Ag/MgO
interface, the change of shear traction up to the strength in the first
period is the same, i.e., the shear strength is thickness-independent.
However, thicker interfacial models have larger elastic deformation
energy, and interfacial atoms deviate from their equilibrium positions
in greater magnitude after interface jump, so the corresponding starting
traction (marked by the brown oval) in subsequent period is higher.
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|—=— 20x10x5-5 —<4—20x10x7-7 ——20x10x10-10
|—*—20x10x15-15 ——20x10x20-20 —&—20x10x25-25

Interface traction, 7, (GPa)

Interface displacement, 51 (A)

Fig. 8. Shear traction-separation relationship of coherent Ag/MgO interface
systems with model thickness ranging from 4 nm to 20 nm.

Fig. 9 shows the change of interface tangential displacements of
coherent Ag/MgO interface systems with different model thicknesses.
Firstly, the thicker the model is, the larger loading displacement is re-
quired for the first interface jump and the greater degree atoms deviate
from their equilibrium positions at the beginning of a new shear cycle
(marked by the brown arrows). Secondly, from the nearly flat interface
displacement curve for 20 X 10 x 25-25 model (marked by the brown

12 —=— 20x10x5-5 —¢—20x10x7-7 ——20x10x10-10

[—*—20%x10x15-15 ——20x10x20-20 —&—20x10x25-25

Interface displacement, J, (A)

14

12

Loading displacement, D )

Fig. 9. The change of interface displacement of coherent Ag/MgO interface
systems with model thickness ranging from 4 nm to 20 nm.
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oval), we can conclude that the interface shear behavior of the larger
model is more “brittle”, which means there is basically no relative
sliding before interface jumps.

Next we analyze the effect of model thickness from the point of
energy. In ideal interface systems, there is no plastic deformation
during interface shear, so external work transforms into two parts: the
energy consumed by the interface W,,, and the elastic energy stored in
bulk materials Ey,x. Since the energies caused by interface compression
for different thickness models (0.004-0.006J/m?) are very small
compared with those consumed for interface shear, only the areas
under traction-separation curves in Fig. 8 are used to calculate W,,;,. The
energy stored in bulk materials can be taken as the difference between
total energy AE and Wop (Epuik = AE—Won). In order to investigate the
energy distribution in the interface and bulk materials of different
thickness models in interface shear process, the curves of total energy
change E are drawn, as shown in Fig. 10. The initial equilibrium
structure is taken as a reference in energy calculation.

From Fig. 10(a), it can be seen that interface shear corresponds to
regular total energy change. When shear loading displacement in-
creases to the point of interfacial shear jump, the total energy of Ag/
MgO interface system increases by AE;. Then the total energy decreases
to E’, as interfacial atoms return to a lower energy configuration. With
further shear loading, the total energy increases by a lower amount,
AE,, to the next critical state. So AE; is the energy barrier of coherent
Ag/MgO interface slipping. E’ represents the degree of residual de-
formation in bulk materials and AE, is the energy required for sub-
sequent interface shear. Table 3 lists the values of AE;, AE,, and the
cohesive work of Ag/MgO interface systems with various model
thicknesses based on Figs. 10(b) and 8.

By analyzing the data in Table 3, the effect of model thickness on
the shear behavior of coherent Ag/MgO interface systems can be
learned. In the first period, the energy consumed at the interface when
shear failure occurs, Wy, is almost the same for different models. It
reflects the intrinsic interface adhesive properties and is close to the
interface fracture energy obtained from previous study [21]. However,
AF; increases proportionally with the increase of model size, as more
elastic energy is stored in the thicker models. Obviously, their ratio
Weon1/AE; decreases as model thickness increases. After the first period,
Weonz and AE, are both smaller compared with the values in the first
period. AE, still increases with the increase of model size, while W,
for the thicker model is smaller. Both values converge to constants and
their ratio W,/ AE, converges to 0.114. From the above analysis, we
can conclude that within a certain range of Ag/MgO model thickness,
after initial shear failure, the subsequent interface slipping is easier for
the thicker models.
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different thickness models.

Table 3

Some key interface and system energy values during the shear process of Ag/
MgO interface models with thickness ranging from 4 nm to 20 nm. W and
Weonz: the cohesive work in the first period and the second period based on
Fig. 8. AE, and AE,: the energy barrier in the first period and the second period
in Fig. 10(b).

Model size Weoh1 Weoh2 AE, AE, Weont/AE1 Weohz/ AE;
U/m»  (G/m»)  G/md G/md)
20 X 10 X 5-5 0.322 0.317 1.23 1.16 0.262 0.273
20 X 10 X 7-7 0.330 0.296 1.55 1.30 0.213 0.228
20 x 10 x 10-10  0.300 0.254 2.07 1.41 0.145 0.180
20 x 10 x 15-15 0.324 0.209 2.80 1.49 0.116 0.140
20 X 10 x 20-20 0.305 0.184 3.63 1.58 0.0840 0.116
20 x 10 x 25-25 0.300 0.175 4.29 1.54 0.0699 0.114

5. Shear behavior of semi-coherent Ag/MgO interface
5.1. Shear behavior of semi-coherent interface with a 1D dislocation

The computational model of Ag/MgO interface with one dislocation
is shown in Fig. 11(a). The dislocation with Burgers vector b = a/
2[11 0] is constructed by inserting a layer of Ag atoms along the (11 1)
plane into the ideal interface structure, and the dislocation line is

() _20u(Ag)

®Ag
® Mg
e O

10a

10a

10y 19u(Mg0)

y[110]

parallel to the y axis, with the dislocation edge in the first metal ML.
Fig. 11(b) shows the interfacial atomic configuration. Considering the
lattice mismatch between Ag and MgO (lattice constant ayigo/aag ~ 20/
19), there are 19 unit MgO cells and 20 unit Ag cells along the x di-
rection. The dislocation spacing is 5.8 nm and the dislocation density p
is 0.0172 A~1. Then the model is subjected to the same relaxation and
shear loading as described in Section 3. Simulation results are as fol-
lows.

The shear mechanism of semi-coherent Ag/MgO interface with a 1D
dislocation is completely different from that of coherent interface. As
shown in Fig. 12, the gliding motion of the dislocation, rather than
bond breaking, leads to interface shear. Unlike Fig. 5(a), in Fig. 12(a)
the interface shear displacement increases almost in the same degree
with loading displacement, with much smaller period and relatively
unobvious jumps, so the shear deformation of semi-coherent interface is
more continuous. Besides, the elastic deformation in bulk materials is
small and external work is consumed mainly by interface shear. When
Ag slab slips by the length of one Burger’s vector |b| = g[l 1 O]‘ relative
to MgO slab, the dislocation slides across the entire interface, with 19
interface displacement jumps as shown in Fig. 12(c).

Fig. 12(b) shows the shear strength of semi-coherent Ag/MgO in-
terface fluctuates and the average shear strength is 0.126 GPa, more
than one order of magnitude lower than that of coherent Ag/MgO in-
terface (5.75 GPa). In every period, when the dislocation jumps to the

(b)

Misfit dislocation (Ag)
)

|a/2 [110]|

— | /
020007070°070 070’0

Fig. 11. The computational model of 1D dislocation Ag/MgO interface system. (a) Semi-coherent interface model with one dislocation by inserting an extra Ag layer
along the (111) plane into the ideal interface structure. (b) Interfacial atomic configuration which shows the position of dislocation before relaxation.
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Fig. 12. Interface shear behavior of semi-coherent Ag/MgO interface system with a 1D dislocation. (a) Interface displacement increases with the motion of the
dislocation. (b) Interface shear traction-separation relationship. (c) Atomic configurations with respect to the marked points A’, B, and C’ in (a) and (b). The locations

of the dislocation during interface shear are marked.

next position, interface traction drops and the period of the traction-
displacement curve is |b|/19. The atomic configurations corresponding
to points A, B and C on the traction curve are shown in Fig. 12(c). Here
“0” represents the initial position of the dislocation, “6” and “19” re-
present the times of dislocation movements. When the dislocation re-
turns to its initial position, the interface slips by the length of |b|. It also
shows that Ag atoms sit on Mg sites in dislocation core area and on O
sites in the region between the dislocation lines (DLs). At the same time,
the interface is the slip plane of the dislocation.

5.2. Shear behavior of semi-coherent interface with 2D misfit dislocations

In order to understand the shear mechanism of semi-coherent in-
terface further, an interface model with 2D misfit dislocations is built as
shown in Fig. 13. There are 19 MgO unit cells and 20 Ag unit cells along
both directions parallel to the interface (x [110] and y[110]), and the
thickness is the same with that in the model with 1D dislocation. In-
terface atomic configuration before relaxation is shown in Fig. 13(b),
three zones with Ag on O site, Ag on Mg site and transition zones
(bridge site and hollow site) can be seen. After the relaxation of inter-
face structure, mutually perpendicular dislocation lines (marked by the
dashed black lines) and dislocation intersections (marked by the stars,
i.e., Mg site) are clearer as shown in Fig. 14. The dislocation spacing is
still 5.8 nm.

Fig. 14 shows the plot of disregistry vector at the interface. The
interface area of 2D model is shown by the blue square. It can be seen
that the dislocation lines along<110>and (110) constitute misfit
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dislocation network. The dislocations are edge type with Burgers vector
b = agi(llo), which is consistent with experimental observations by
HRTEM and grazing x-ray diffraction [15,17]. Comparing this relaxed
structure with initial structure in Fig. 13(b), it can be found that O site
regions with lower energy extend while Mg site regions shrink at the
dislocation intersections (nodes). Along dislocation lines Ag atoms
transform between Mg site and hollow site; bridge site is near the
nodes. Note that high energy sites (hollow site, bridge site and Mg site)
are all along or near the misfit dislocation lines, so one can infer that
under shear loading, atoms at these regions will move first. The model
is subjected to the same shear loading as described in Section 3. Si-
mulation results are as follows.

For 2D semi-coherent interface with misfit dislocation networks, the
shear mechanism is slightly different from that of 1D semi-coherent
interface, due to the existence of dislocation nodes. In Fig. 15(a) the
interface displacement still increases almost linearly with the increase
of loading displacement, whereas, the jump distance of dislocation is
two times larger. In Fig. 15(b), owing to the pinning effect of disloca-
tion nodes, interface shear strength (0.415 GPa) is higher than that of
1D semi-coherent interface (0.126 GPa), but still much lower than the

ideal shear strength (5.75 GPa). Besides, the period ‘9—"5‘ corresponds to
the motion of dislocation network. Fig. 15(c) shows the interface
atomic configurations at some critical points on the traction-displace-
ment curve and the red arrows mark the positions of misfit dislocation
during interface shear. It shows that interface shear is caused by the
gliding motion of misfit dislocation network, which is mainly reflected
by the motion of dislocation nodes.
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Fig. 13. (a) Semi-coherent interface model with 2D misfit dislocation network. (b) Interfacial atomic configuration before relaxation.

In Section 4.1, the induced interface compression is studied in de-
tail. For semi-coherent Ag/MgO interface (1D and 2D), the induced
normal stress is very small, which changes within 1 MPa, and the in-
terface normal distance is basically unchanged. In short, misfit dis-
location can not only reduce the shear strength dramatically, but also
eliminate the coupling effect between interface shear and compression.

5.3. Energy comparison between 1D and 2D semi-coherent interfaces

In 1D and 2D semi-coherent interfaces, dislocation motion causes a
change in total energy. As shown in Fig. 16, total energy E increases in
the initial stage of dislocation motion. When E reaches the critical
value, misfit dislocation jumps to the next stable position and part of
the energy is released. Therefore, AE; represents the energy barrier of
dislocation motion. Due to the effect of dislocation intersections, the
energy barrier AE; of 2D semi-coherent interface (~ 0.010J/m?) is

Hollow site

S+ ot A abs b b
e F e T ity

e s s s 88%82 14
L

Ty et
TS e
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higher than that of 1D semi-coherent interface (= 0.0014 J/m?).
Similar to the energy analysis for coherent interface in Section 4.2,
the cohesive work Wion = X~ Weoni (n = 9.5 or 19 for 2D or 1D semi-

coherent interface) and energy barrier AE = 2:‘11 AE; when interface
slips the length of a Burgers vector, as well as the shear strength 7"
and the period of traction-displacement curve [, are listed in Table 4.
For comparison, the corresponding values of coherent interface are also
listed, where the energy values are W,,,; and AE; in Table 3.

From above data, we see that W, and AE of both semi-coherent
interfaces are nearly two orders of magnitude lower than the corre-
sponding values of coherent interface, so the existence of misfit dis-
location can significantly reduce the energy barrier of interface shear.
By analyzing the energy ratio W,,/AE, one can estimate the degree of
residual deformation in bulk materials. For 1D and 2D semi-coherent
interfaces, the ratios are both higher than coherent interface, which
indicates less residual deformation in bulk materials.

Fig. 14. Disregistry plot of the relaxed Ag/MgO
interface with 2D misfit dislocations. Four pos-
sible structures are shown. O site or Mg site: Ag
atoms are on top of the O atoms or Mg atoms.
Hollow site: Ag atoms are at the center of a
square outlined by two Mg and two O atoms.
Bridge site: Ag atoms are at the middle of the
neighboring Mg and O atoms.

Mg site

[001]
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Fig. 15. Interface shear behavior of

2D semi-coherent Ag/MgO interface
system. (a) Interface displacement in-
creases with the motion of misfit dis-
location. (b) Interface traction-dis-
placement relationship. (c) Interface
atomic configurations with respect to
the marked points A”, B”, and C” in
(a) and (b). The locations of the misfit
dislocation during interface shear are
marked.
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Fig. 16. Total energy change of 1D and 2D semi-coherent Ag/MgO interface
systems.

Table 4

Some key values in interface shear process for coherent and semi-coherent Ag/
MgO interfaces with thickness of 8.5 nm. W, and AE: cohesive work and en-
ergy barrier when interface slips a length of Burgers vector. T{"*: shear
strength. [;: the period of traction-displacement relationship.

Weoh (J/m*)  AE (J/m®) Weon/AE T 1, (R)
(GPa)
Coherent 0.300 2.07 0.145 575 [a/2[110]|
(20 x 10 x 10-10) (= |b])
1D Semi-coherent 0.00821 0.0238 0.346 0.126 |b|/19
(19 x 10 x 10-10)
2D Semi-coherent 0.0365 0.0972 0.376  0.405 |b|/9.5

(19 x 19 x 10-10)

Compared with coherent interface, the shear strengths of two semi-
coherent interfaces are both more than one order of magnitude lower.
They are within the range of experimental shear strengths of metal/
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ceramic interfaces [5,52,53]. However, since the effects of porosity,
grain boundaries and temperature, etc., are not considered, these shear
strengths of defect interfaces are higher than many experimental re-
sults. Besides, comparing the 2D semi-coherent interface with the 1D
semi-coherent interface, the interface shear strength (T;"**) and energy
barrier (Weon, AE) are both higher, which is due to the pinning effect of
dislocation intersections as mentioned previously.

The period of traction-displacement relationship (I,) for coherent
interface is one unit cell length, which equals the length of Burgers
vector |b|. While for 1D and 2D semi-coherent interfaces, the periods
are much shorter, with |b|/19 for 1D case and |b|/9.5 for 2D case. In
fact, I, is closely related with interface structure and dislocation motion.
In addition, shorter periods give rise to more continuous interface
sliding.

6. Conclusion

In summary, atomistic simulations of both coherent and semi-co-
herent Ag/MgO interface systems are conducted to investigate their
shear mechanism, the effects of model thickness and misfit dislocation.

Coherent interface shears in a “jump” manner, with the jump dis-
tance equals the length of unit cell along the shear direction, and the
ideal shear strength is 5.75 GPa. Besides, the interface relative slip is
accompanied with periodically interface compression, and the com-
pressive stress (% 1GPa) is comparable to the ideal shear strength,
though the interface normal displacement is quite small.

The distribution of shear displacement reveals that the displacement
in Ag and MgO are linearly distributed normal to the interface, with the
most obvious relative slip at the interface. The shear stress remains
unchanged in the bulk materials and it fluctuates in the vicinity of the
interface. As loading displacement increases, this fluctuation becomes
more pronounced. In short, in thin films containing a soft metal and a
hard ceramic, interface will cause local effect of displacement and
stress.

For the effect of model thickness, the thicker models appear to be
more “brittle” in the process of interface shear, which means that the



X.Q. Fuetal

slip distance before the interface jump is negligible. What’s more,
model thickness does not influence the energy consumed at the inter-
face when interface shear failure occurs. In the following shear process,
the thicker model consumes less energy at the interface due to the more
elastic energy stored in bulk materials. Nevertheless, the intrinsic in-
terface properties, e.g., interface strength and interface adhesive energy
are the same.

The slip process of semi-coherent interface is characterized by the
gliding motion of misfit dislocation along the interface. Compared with
coherent interface, semi-coherent interface is easier to shear, indicated
by the significantly lower values of energy barrier, cohesive work and
shear strength. The change of interface shear displacement is relatively
continuous. Besides, owing to the existence of dislocation intersections,
the interface shear strength of 2D semi-coherent interface is higher than
that of 1D case.

The location of misfit dislocation has an important effect on inter-
face mechanical properties. In this work only one location of misfit
dislocation is studied. For interfaces with misfit dislocations that end
one, two and more layers above the interface, their shear behavior will
be studied further.
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