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a b s t r a c t
Metal/ceramic interfaces have wide applications and the interface fracture plays an important role in
determining mechanical behaviors of related structures. The cohesive zone model is widely used to modelling the crack opening and extension, especially used to modelling the interface crack. Although this
model is widely used, it is a macroscopic phenomenological model, and its atomistic scale mechanism
attracts great attention. In this paper an interface atomistic model of Ag/MgO is used to study the microscopic interface opening mode and some interesting results are discovered. By considering all atomic
interaction potentials related to the interfacial structure in the molecular mechanics calculation, the
interface tension stress-displacement curves for several interface structures with different sizes are simulated, and fracture properties upon displacing Ag and MgO adjacent to the interface are revealed based
on the simulation results and by developing a series model on interface fracture properties. The results
indicate that the interface fracture strength is independent of the size of interface structures for ideal
interfaces, the total tension displacement of interface structures increases and the fracture appears catastrophic characteristic with increasing unit thickness, which is explained well by the series model.
Furthermore, the interface separation behaviors of interfaces with the atomic vacancy and dislocations
are simulated, the study indicates that the interface strength decreases for the interfaces with defects,
and the defects decrease the catastrophic tendency.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Metal/ceramic interfaces have extensive applications in many
fields such as catalytic converters, field effect transistors, and anticorrosion coatings, etc. and play important role in thermal barrier
coatings used in aircraft and power generation turbines, thus
attract great interest. The interface fracture affects the function
of corresponding parts. The cohesive zone model is widely used
to study the opening and the extension of the interface crack,
and is a macroscopic phenomenological model and a simplification
of physical process of the interface fracture at different scales [1–
6]. The interface separation stress was expressed as a function of
the interface separation displacement in the model, different function forms were used to study the interface fracture in different
work groups [1–6]. But we know very little of the microscopic
interface opening mode. Recently, the atomic scale simulation of
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100871, China.
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iron/precipitate interface decohesion was carried out and the cohesive law was discussed [7]. The non-local separation constitutive
laws for Cu interface between grains were studied based on molecular dynamic simulations, some internal variables were introduced
and damage in the interface was analyzed [8]. However, the atomic
scale simulations on metal/ceramic interface separation are few
reported due to the difficult of obtaining the potential functions
of interface and ceramics.
In this paper, we build a metal/ceramic interface atomistic
model to do some researches. Many experimental results of Ag/
MgO interfaces have been obtained [9–11]. Moreover, the lattice
mismatch between Ag and MgO is small, and the crystal cell size
in the calculation is also smaller, thus Ag/MgO interface is a good
interface model. The atomistic simulation of Ag/MgO interface tension separation is carried out in this paper by considering all interfacial atomic interaction potentials based on the molecular
mechanics calculation and the energy minimization method. Since
some defects exist invariably in actual interfaces, we also build the
interface model on the imperfect interfaces to study the effects of
the vacancy and the dislocations. The intrinsic interface fracture
property is revealed by simulating the interface tension stressdisplacement curves for the interface structures with different
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sizes and different defect degrees. The interface fracture strength is
found to be independent on the size of the interface structures for
ideal interfaces, and the model can be applied to study the separation behavior of the strong adhesive interfaces.
2. Model and methodology
2.1. Interface structure model
We constitute the interface Ag(0 0 1)/MgO(0 0 1), which is the
common interface orientation observed in the experiments [11].
Ag atom is located above O ion, which is the structure with the
minimum energy based on the calculation. For convenience, we
take 3 Ag and 3 MgO crystal cells in [0 0 1] direction that is normal
to the interface, and take 5 crystal cells in [1 0 0] and [0 1 0] directions those are parallel to the interface for Ag and MgO, respectively, which is represented by 5  5  3, the atom structure is
shown in Fig. 1(a). The vacuum layers are inserted above Ag layer
and under MgO layer to satisfy three dimensions periodicity, and
the interface structure unit with the vacuum layers is built. The
atoms in the top and the bottom layers of the interface structure
are fixed as shown in Fig. 1(b), and the interface structure unit is
also fixed as a representative unit in the whole interface periodic
structure. Considering the small mismatch between Ag and MgO,
the lattice constants of Ag and MgO are both taken as 4.32 Å (the
lattice constant of MgO), since the Ag lattice is easy to be forced
to match the more rigid MgO lattice, and the interface distance is

set as 2.4 Å, the thickness of the vacuum layer is 30 Å, the initial
structure is thus constituted and then relaxed by the energy minimization calculation. In the calculation, the residual stress rms =
0.01 cal/mol/Å is set, and the maximum iterative times is set as
10000 in the iterative process, the enough small residual stress
and enough large iterative times are selected based on the energy
minimization by using Smart Minimizer method. The equilibrium
interface distance is 2.576 Å after the relaxation, which is in agreement with the experimental result of 2.52 Å [11]. The interface tension fracture process is divided into a series of medium steps, and
each step is studied using an energy minimization program by a
Cerius2 software provided by Accelrys company, the tension process is approximately quasi-static process.
The interface tension is performed by applying a same small displacement normal to the interface on every atom in the top layer of
Ag, i.e., the metal is stretched and the ceramic is fixed. The ceramic
is stretched and the metal is fixed, or the metal and the ceramic are
both stretched, the same results can be obtained, which has been
proved by our calculation. The inner stress of the system is calculated at the relaxation state after the enforced tension and the
energy minimization in each step, the corresponding interface equilibrium structure is recorded at the same time. Combining all steps,
the interface separation process can be described. In every tension,
the displacement is set as 0.03 Å. The interface inner stress is calculated according to the outmost layer of the metal atoms or the ceramic atoms since the stress of the fixed atoms is not zero unlike the
inner movable atoms. Also, the stress parallel to the interface is
small and negligible, thus only the stress normal to the interface
is calculated. The interface stress r is expressed as

Pn

i¼1 f i

rðhÞ ¼

S

;

ð1Þ

where h = L2-L1 is the total tension displacement of the interface
structure with L2 and L1 being the respective total thickness of the
interface structure after and before the tension as shown in Fig. 1
(b), n is the atomic number of the outmost layer of the metal or
the ceramic, fi is the force applied on the atom i by the other atoms,
S is the interface area. The stress value based on Eq. (1) is the same
as that based on the energy difference method.
2.2. Interface atomic potentials
In the calculation, a pair potential is taken as the interatomic
potential that gives an energetic description of the target system,
and the potential is obtained by the Chen-Möbius inversion
method based on the ab initio calculation [12–14]. The approach
has been proved to be practical and reasonable for the interface
systems [13]. Ag/MgO interface contains several kinds of interatomic potentials: the metal-oxide terms UAg-O and UAg-Mg, the
metal–metal term UAg-Ag, and the oxide-oxide terms UO-O, UMgMg and UMg-O. The potential function across the interface UAg-O
and UAg-Mg refers to the modified Rahman-Stillinger-Lemberg
(RSL2) potential [13],





y 1Rr

U ¼ D0 e

0

þ

a1
a2
a3
þ
þ
;
1 þ eb1 ðrc1 Þ 1 þ eb2 ðrc2 Þ 1 þ eb3 ðrc3 Þ

ð2Þ

where r is the interfacial atomic distance, the other parameters are
the interface potential parameters referred to Table 1. The ionic
interaction potentials UO-O, UMg-Mg and UMg-O include two parts:
the long-range Coulomb interaction potential UCoul and the shortrange potential USR [15]. The Coulomb term is determined by the
effective charge 2e,

Fig. 1. (a) The atomic structure schematic of the interface, and (b) the interface
tension schematic.

Coul
Coul
UCoul
MgMg ¼ UOO ¼ UMgO ¼

Q 2eff
4pe0 r

ð3Þ

279

X.M. You et al. / Computational Materials Science 142 (2018) 277–284
Table 1
The potential parameters in Eqs. (2) and (4).
Atomic pairs

Potential parameters

UAg-Mg

D0 = 284.5542 kcal/mol
a1 = 1600.6582 kcal/mol
a2 = 7.0657 kcal/mol
a3 = 71.1797 kcal/mol

R0 = 1 Å
b1 = 6.2388 Å1
b2 = 3.6581 Å1
b3 = 4.3778 Å1

y = 2.0843
c1 = 1.1478 Å1
c2 = 2.9842 Å1
c3 = 1.8999 Å1

UAg-O

D0 = 5596.5601 kcal/mol
a1 = 5678.4394 kcal/mol
a2 = 634.8887 kcal/mol
a3 = 7.4067 kcal/mol

R0 = 1 Å
b1 = 2.8384 Å1
b2 = 2.1121 Å1
b3 = 2.5757 Å1

y = 2.1383
c1 = 1.0839 Å1
c2 = 1.9 Å1
c3 = 3.5539 Å1

UAg-Ag

D0 = 4760.9502 kcal/mol
a1 = 1747.8618 kcal/mol
a2 = 7.0657 kcal/mol
a3 = 13.0113 kcal/mol

R0 = 1 Å
b1 = 2.2129 Å1
b2 = 1.4495 Å1
b3 = 0.6884 Å1

y = 1.6171
c1 = 1.6720 Å1
c2 = 2.2826 Å1
c3 = 0.9140 Å1

UO-O
UMg-Mg
UMg-O

D0 = 19.9871 kcal/mol
D0 = 19.7866 kcal/mol
D0 = 25.2069 kcal/mol

R0 = 2.3600 Å
R0 = 2.4200 Å
R0 = 2.4503 Å

y = 9.4500
y = 9.9600
y = 5.9832

with Qeff being the effective charge quantity and e0 being the dielecSR
tric constant. The short-range term USR
O-O and UMg-Mg refers to the
Morse potential,

" 

U ¼ D0 e



y 1Rr

0


 2e

y
2

1Rr

0

#
:

ð4Þ

The short-range term USR
Mg-O is exponential decay form as the
first term in Eq. (2). The metal atomic interaction potential also
refers to the RSL2 potential as Eq. (2). All potential parameters
are in Table 1.
To test the reliability of selected potential for bulk materials, the
lattice constants of Ag and MgO under zero temperature and zero
pressure are calculated based on the above potentials, which are
agreeing with the experimental results [16] as shown in Table 2.
In fact, the elastic constants are also calculated to compare with
the experimental results as shown in Table 2, the approximate
agreement is also found and the error is about 3–8% for C11 and
C12. The error for C44 is larger, but which is reasonable based on
the limitation of the pair potential, and which is not paid attention
since the deformation normal to the interface is discussed for the
interface tension.
3. Results and discussions on ideal interfaces
3.1. Different interface area
Fig. 2 shows the simulation results of the interface tension for
the interface structures with four different interface areas and
the same unit thickness. The interface area, i.e., the area of the
cross-section, is represented by the number of the crystal cells parallel to the interface, and the unit thickness is represented by the
number of the crystal cells normal to the interface. The results
indicate that the tension stress r increases firstly with increasing
total tension displacement h of the interface structure unit, then
decreases after up to the maximum stress rmax (equal to the inter-

face fracture strength approximately), vanishes finally when the
interface separates completely as shown in Fig. 2(a). The interface
area has no influence on the results, and four r-h curves are overlapping. Fig. 2(b) shows the interface opening displacement d, d =
r2-r1 with r2 and r1 being the respective interface atomic distance
after and before the tension, versus the total tension displacement
h of the interface structure for four corresponding interfaces. It can
be seen that d increases slowly with increasing h firstly, then
increases suddenly at h corresponding to the interface strength,
i.e., appears jump rise, after that increases slowly again. The jump
of d indicates the catastrophic fracture of the interface. The interface area has no influence on the d-h curves, too.
3.2. Different unit thickness
Fig. 3 shows the simulation results of the interface tension for
the interface structures with seven different unit thicknesses and
the same interface area. It can be seen from Fig. 3(a) that the interface fracture strength rmax is a constant for different sizes of the
interface structures, but the stress r drops faster after up to rmax
with increasing unit thickness, i.e., the fracture tends to be catastrophic. The total tension displacement h of the interface structure
corresponding to rmax increases with increasing unit thickness, i.e.,
the unit structure is stretched longer for the thicker interface structure, which agrees with Nguyen and Ortiz’s discussion [17]. Fig. 3
(b) shows d-h curves of seven corresponding interface structures,
the result also indicates that the interface opening tends to be
catastrophic fracture with increasing unit thickness.
Fig. 3(c) shows r–d curves of seven corresponding interfaces,
and all r–d curves are overlapping despite of different interface
sizes, which implies that the interface tension fracture properties
(the fracture strength, the fracture toughness- the area under the
r–d curve, and the fracture displacement dmax) are intrinsic properties of the interface with the same components, and the interface
fracture properties are independent on the size of the systems.
The shape of r–d curves of Ag/MgO based on our molecular

Table 2
The comparison of the lattice constant a and elastic constants C11, C12 and C44 of bulk materials between the present calculation based on the potential parameters in Table 1 and
the experimental results [16].
a (Å)

C11 (GPa)

C12 (GPa)

C44 (GPa)

Ag

This work
Expt.

4.108
4.086

131.998
122.2

85.134
90.7

85.139
45.4

MgO

This work
Expt.

4.32
4.22

319.2
294

89.9
93

89.9
155
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0

1

2

h (A)

3

4

0

5

0
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(b)

8

6

4

δ (Å )

6

h (Å)

(b)

δ (Å )

2x2x4
3x3x4
5x5x4
7x7x4

3

4

5x5x2
5x5x3
5x5x4
5x5x6
5x5x10
5x5x15
5x5x20

4

2

2
1

0
0

0

1

2

3

0

h (Å)

(c)

σ(GPa)

Fig. 2. (a) The interface tension stress r versus the total tension displacement h,
and (b) the interface opening displacement d versus the total tension displacement
h for four interface structures with different interface areas.

mechanics calculation is in agreement with that of Ni/Al2O3 based
on the first principle calculation [18] and the usual form of the
cohesive zone model [5], although the interface fracture strength,
the toughness and the displacement are different for Ni/Al2O3
and Ag/MgO interfaces. Therefore, the interface model based on
the molecular mechanics can be applied to study the separation
behavior of the strong adhesive interfaces.

4

ð5Þ

where rm and em are the stress and the strain of the metal in the
quasi-static tension process, rc and ec are the stress and the strain
of the ceramic part. The total displacement of the system h = um +

4

6

5x5x2
5x5x3
5x5x4
5x5x6
5x5x10
5x5x15
5x5x20

3
2

0

The interface system includes three parts: the metal with the
thickness Lm and the Young’s modulus Em, the ceramic part with
the thickness Lc and the Young’s modulus Ec, and the interface part
with the distance r as shown in Fig. 1(b). Assuming that the metal
and the ceramic part are elastic parts, and the interface is a damage
part obeying the stress (ri) - displacement (di) relation as shown in
Fig. 3(c). The whole system is in equilibrium during quasi-static
tension process, and the cross-sections of three parts are equal,
the stress in each part is equal,

h (Å)

1

3.3. The theoretical explanation by developing a series model

rm ¼ Em em ¼ ri ¼ Ec ec ¼ rc ;

2

4

0

1

2

δ (Å )

3

Fig. 3. (a) r versus h, (b) d versus h, and (c) r versus d for seven interface structures
with different interface thicknesses.

di + uc = Lmem + di + Lcec is the sum of that of three parts with um
and uc being the displacement of the metal and the ceramic part,
respectively, combining with Eq. (5),



h¼

Lm Lc
þ
Em Ec



ri þ d i :

ð6Þ

The system deforms continuously with loading firstly, when the
released elastic energy of the metal and ceramic parts can counteract the dissipated energy of the interface due to its deformation
and damage, the interface will fracture catastrophically, and the
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system transformed into a new equilibrium state from the initial
equilibrium state. Otherwise, the system will keep quasicontinuous deformation until losing the strength completely. The
critical condition of the interface catastrophic fracture is

dh
¼ 0;
ddi

ð7Þ

i.e., an infinite small increment of controlling displacement will lead
to a finite response of damage [19], and the damage part cannot
keep continuous deformation any more, thus the interface displacement increases abruptly and the interface fracture catastrophically.
According to the critical condition of the elasticity instability, the
catastrophic point can be derived as

dh
¼
ddi




Lm Lc dri
þ
þ1¼0
Em Ec ddi

ð8Þ

based on Eq. (6). Therefore,

dri
Ec Em
¼
:
ddi
Lm Ec þ Lc Em

ð9Þ

Eq. (9) shows the slope of stress change is negative, which
means the catastrophic point is a point after the maximum stress.
When L is larger, the slope is larger, the catastrophic point is more
close to the maximum stress point, i.e., the catastrophic characteristic is more obvious for the thicker interface structure, which is in
agreement with the simulation results.
The total released energy Ut of the system resisting tension,
including elastic strain energy Ue of the metal and ceramic part
and interface dissipation energy Ui, can be calculated based on
Eqs. (5) and (6),

U t ¼ ri

h ri
¼
L1 L1



Lm Lc
þ
Em Ec





ri þ di ¼ U e þ U i ;

ð10Þ

where L1 = Lm + Lc + r1 is the initial thickness of the whole interface
structure. For different systems at the maximum stress ric point, Ue
is almost a constant based on Eq. (11) since ric is a constant for different thicknesses as shown in Fig. 3(a), and Ui = ricdic/L1 decreases
with increasing L1, since ricdic (related to interface fracture toughness) is a constant as shown in Fig. 3(c) with dic being the critical
interface displacement corresponding to ric, which means the interface contribution decreases relatively for the thicker unit structures.
Combining with the simulation results of the stress and displacement (strain) from Fig. 3(a) and (c), Ui and Ue can be calculated as
shown in Table 3. It can be seen from Table 3 that the elastic energy
of the metal and ceramic part is smaller than the interface energy
contribution for 5  5  2 interface structure, and larger than the
interface energy contribution for the structures thicker than 5  5
 3, which is in agreement with the above discussion on the energy
condition of catastrophic characteristic, the fracture of the structures thicker than 5  5  3 is catastrophic, but the fracture for
the structures thinner than 5  5  3 is continuous as shown in
Fig. 3(a).
Note that the united unit GPa is used when the energy is discussed, when the unit is transformed to be J/m2 by multiplying
the thickness of interface structure, the stable interface energy is
about 0.19 J/m2 except the thinnest structure. While the elastic
energy increases with increasing thickness with changed unit
and is 0.22 J/m2for 5  5  3 structure at the transformed point

of fracture characteristic, so the total released energy is 0.41 J/m2
based on Eq. (11), which is equal to the intrinsic interface fracture
energy, i.e., the area under the interface stress-interface displacement curve as shown in Fig. 3(c). Therefore, the interface properties of the interface structure at the transformed point of fracture
characteristic can be selected as a reference.
Furthermore, assuming the catastrophic point is the point of
maximum stress, which is reasonable for larger L, the total displacement of the system at the catastrophic point can be obtained
in terms of Eq. (6),


hc ¼

Lm Lc
þ
Em Ec



ric þ dic :

ð11Þ

Eq. (11) indicates the total displacement is larger for larger L,
i.e., the thicker interface structure can be stretched longer, which
also agrees with the simulation results. Since the interface atomistic model is intrinsic for the interface fracture properties of a system despite of the size, the property of the thicker system can be
obtained by the interface atomistic model for the thinner system
combining with Eq. (11), which can decrease the computation time
and cost.
4. The interfaces with defects
4.1. The interfaces with atomic vacancy
Considering the defects in real materials and interfaces, the tension fracture behavior of the interface with part atomic vacancy is
further simulated. The atoms in the bottom layer of Ag of the ideal
interface are deleted partly randomly, the vacancy ratio is defined
as a ratio of the number of vacancy to the total number of atoms in
the bottom layer of Ag of the ideal interface. The calculation indicates that different random vacancy distributions with the same
vacancy ratio have no influence on the results.
Fig. 4 shows the results of eight different vacancy ratios for 8 
8  6 interface structures, the results indicate that the interface
fracture strength decreases linearly and the interface opening
becomes smooth and continuous with increasing vacancy ratio
(Fig. 4(a)–(c)). The different interface area has still no influence
on the results. The effects of different unit thickness with the same
vacancy ratio on the interface strength and the interface opening
are the same as those for the ideal interface structures shown in
Fig. 3. Fig. 4(c) shows that the model for the ideal interfaces is
not appropriate for the interfaces with the defects, the interface
fracture strength is dependent on the defect degree of the
interface.
4.2. The interfaces with dislocations
Different from the ideal interfaces and the interfaces with
atomic vacancy, [1 1 0] and [1–10] directions are selected to be
parallel to the interface for the interface with dislocations considering the smaller atomic number in the minimum periodic unit in
this interface structure since the larger interface area will be taken
for convenience of introducing dislocations [20]. An extra atomic
layer of Ag is inserted along (1 1 1) face of the metal as shown in
Fig. 5, i.e., the dislocation line lies in Ag atomic layer neighbor to
the ceramic part at the interface, and the burgers vector B = 1/2

Table 3
The interface energy contribution and elastic strain energy of the interface structure.

Ui (GPa)
Ue

552

553

554

556

5  5  10

5  5  15

5  5  20

0.11
0.086 GPa

0.072

0.054

0.036

0.022

0.014

0.011
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4
ratio=0
ratio=17%
ratio=25%
ratio=33%
ratio=40%
ratio=50%
ratio=56%
ratio=67%

σ(GPa))

3
2
1
0

0

1

2

3

4

h (Å)

(b)

3
ratio=0
ratio=17%
ratio=25%
ratio=33%
ratio=40%
ratio=50%
ratio=56%
ratio=67%

δ (Å )

2

1

Fig. 5. The atomic structure schematic of the interface with the dislocation.

4

0

1

2

3

h (Å)

(c)

33x3x3 dis
33x3x5 dis
33x3x8 dis
33x3x11 dis
33x3x3 ide
33x3x5 ide
33x3x8 ide
33x3x11 ide

3

σ (GPa)

0

2

σ(GPa))

4
ratio=0
ratio=17%
ratio=25%
ratio=33%
ratio=40%
ratio=50%
ratio=56%
ratio=67%

3
2
1
0

0

1

2

3

δ (Å )
Fig. 4. (a) r versus h, (b) d versus h, and (c) r versus d for 8  8  6 interface
structures with eight different atomic vacancy ratios.

[1 1 0]. This structure is the dislocation structure with the minimum energy, and the experiment also observed this dislocation
structure [21]. 33 crystal cells of Ag and MgO are taken in [1 1 0]
direction, which determines the dislocation density, i.e., the number of crystal cells between two neighbor dislocation lines. 3 crystal cells of Ag and MgO are taken in [1–10] direction, and 3 crystal
cells of Ag and 3 crystal cells of MgO are respectively taken normal
to the interface, i.e., 33  3  3 interface structure is established.

1

0

0

1

2

3

4

h (Å)
Fig. 6. r versus h of the interface structures with dislocations and the corresponding ideal interfaces with four different interface thicknesses.

Fig. 6 shows the simulation results of the interface tension for
four different interface thicknesses with the same dislocation density. The results indicate that the interface fracture strength
decreases with increasing unit thickness due to the introducing
of the dislocations, and the interface opening still tends to be catastrophic fracture with increasing unit thickness. Comparing with
the corresponding ideal interfaces, the interface strength decreases
obviously and the total tension displacement also decreases. The
strength decrease is due to the extra energy of the defects actually,
and the total released energy of the interface structures with dislocations decreases compared to with that of the ideal interfaces, the
average total energy difference, i.e., the area difference under the
stress-displacement curves as shown in Fig. 6, is about 0.14 Jm2,
which corresponds to the dislocation strain energy and is in agreement with the calculation results of the dislocation energy (0.1–
0.2 Jm2) for similar metal/ceramic interfaces [20]. In fact, if the
real mismatch between Ag and MgO, with the mismatch strain of
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Fig. 7. The atomic structure change image in the interface tension process for 33  3  3 interface structures without the dislocation (a)–(d) and with the dislocation (e)–(h)
and the corresponding r-h curves.

about 3%, is considered, the mismatch strain energy is about 0.08–
0.24 Jm2 depending on the thickness based on the related interface strain energy model [22], which agrees with present results.
On the other hand, the interface opening for the interface with
dislocations initiates from the dislocation core, different from that
for the ideal interface, which can be observed in the interface
atomic structure change process simulation as shown in Fig. 7.
Fig. 7((a)–(d)) show the whole interface is broken at the same time
for the ideal interfaces, and the interface is broken gradually from
the dislocation core for the dislocation interface as shown in Fig. 7
((e)–(h)).

interface fracture mechanism of metal/ceramic interface used in
thermal barrier coatings. Certainly, temperatures will affect interface separation behaviors more or less, and the temperature effect
can be further studied by the molecular dynamics method in next
work.
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