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A B S T R A C T

A cohesive zone model (CZM) based on a traction–separation (T-S) relation is first developed to simulate the
interfacial behavior between graphene coating and aluminum (Al) substrate. The CZM parameters, which are
very difficult to obtain directly experimentally, are determined using molecular dynamics (MD) simulation.
Specifically, the MD simulations under the normal and shear loadings are conducted on the graphene-coating/Al
interface to derive its T-S relation and then the relevant interfacial behavior of the composite is identified. The
MD results show that the behavior of the interface between graphene coating and Al substrate under normal and
shear loading is temperature dependent. The maximum normal tensile stress at the interface decreases gradually
while the temperature increases from 150 K to 600 K. But the maximum shear stress increases as the temperature
increases from 150 K to 450 K and then decreases as the temperature increases from 450 K to 600 K. Finally, the
CZM parameters are determined and then imported into a finite element (FE) model. The blister test results
obtained by the FE method are in good agreement with those obtained by the MD simulations. These results
suggest that the proposed approach is efficient in determining the CZM parameters of the interfacial behavior
between the substrate and the ultrathin coating.

1. Introduction

Though graphene has a Young’s modulus of 1.1 TPa and a high in-
trinsic strength of 125 GPa, its independent use as a structural material
is still problematic because it is a two-dimensional crystal of atomic
thickness [1]. In contrast, aluminum is widely used as a strengthening
structural material because of its high specific strength and light
weight. Graphene fragments, as a promising strength enhancer in
composites [2], have been demonstrated to improve the strength and
toughness of composites, even without ordered arrangements [3,4]. On
the other hand, Al always severs in a complex environment. Coating is a
popular way to protect the Al products. Recently, Kirkland et al. [5]
reported that, compared with alumina coatings, graphene coatings
possess many unique properties that are especially suitable for the
lightest and thinnest protective barriers of metal components, due to
their excellent electrical conductivity, heat resisting property, chemical
inertness, and transparency. Chemical vapour deposition (CVD) can
produce high-quality graphene films on a metal (for example, Cu, Ni, Pt
or alloy) surface at high temperatures, and the films are then trans-
ferred to other substrates [6]. It should be noticed that a chemical

reaction between Al and graphene can lead to the formation of Al
carbide (Al4C3) at a higher temperature, which weakens the mechanical
properties of graphene-Al composites [7]. So the graphene can be
coated on Al surface by using the transferring method.

Many studies have investigated the mechanical properties of gra-
phene/metal nanolayered composites [8–13]. The high intrinsic
strength and modulus of graphene dispersed into a metal can effectively
constrain dislocation movement in the metal, significantly strength-
ening the metal. However, graphene-reinforced metal composites ex-
hibit strong interfacial effects under a variety of load conditions. Liu
et al. used a molecular dynamics (MD) method to investigate the in-
terfacial strengthening and self-healing mechanism of graphene/copper
nanocomposites under shear loading [14]. The interfacial behavior
between the graphene and the matrix, especially in the case of a gra-
phene coating on the matrix, plays a significant role in determining the
mechanical properties of graphene/matrix composites. In existing finite
element (FE) simulations of such composites at micro scale, the inter-
face was often modeled by a cohesive zone model (CZM) in which a
traction–separation (T-S) relation between the matrix and the re-
inforcement phase was employed to describe the matrix/reinforcement
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interaction. However, the cohesive zone law is not universal, and it
takes different forms for different material interfaces. Traditionally, the
CZM parameters have usually been determined by the quantitative T-S
relation that was often obtained from experiments [15,16]. Yet it is very
difficult to conduct corresponding experiments with a graphene coating
on a matrix. Moreover, the high expense of experimental methods as
well as the effect of factors such as lattice mismatch, thermal expansion
coefficient mismatch, and crystal defects on the experimental results
leads to scattered experimental data and low efficiency. Alternatively,
CZMs have been replaced by numerical or analytical modeling of
fracture processes. A macroscopic cohesive method introduced by
Needleman [17] has been widely used to describe the cohesive zone
type interface model, and recently, a modified T-S rule was proposed by
Sazgar and Movahhedy [18] to take account of the temperature effect.
On the other hand, at atomic scale, MD simulations have been used to
predict interfacial behavior between particles and matrix. Gall et al.
were the first to obtain the T-S relation by atomistic simulations, when
investigating atomic debonding in a silicon/aluminum interface [19].
Subsequently, numerous MD studies were used to investigate the de-
formation and fracture behavior of single crystal metals such as Al, Cu,
Ni, Fe, Cr, W [20], and bi-crystal Al [21,22] under tensile loading.
Besides, many MD simulations have been used to study interfacial be-
havior between two different materials [23–26]. Recent attention has
been paid to a multi-scaled CZM. For instance, Dandekar used the local
values from MD simulation to derive the global T-S relation for an Al/
SiC interface, and imported the resulting higher scaled CZM parameters
to the FE model [27]. Sazgar and Movahhedy [18] developed an MD-
based modified Needleman CZM for the prediction of equivalent tem-
perature-dependent material behavior in an Al/Al2O3 composite.
Comparison of MD simulations and experimental results [18,27] de-
monstrated the effectiveness of the MD-based CZM approach. Near
room temperature, however, graphene has a negative coefficient of
thermal expansion (CTE), and the absolute values of the CTEs of gra-
phene first increase and then decrease with increasing temperature in
range of 0 K to 600 K [28]. The changing trend of the CTEs of graphene
with temperature change is completely unlike the behavior of metal,
leading to curious interfacial properties when graphene is coated on
metal. Research on this anomaly is still unexplored.

On the basis of the abovementioned research, MD and theoretical
analysis are used in this work to study the interfacial behavior of gra-
phene coating on substrate Al under tensile and shear loadings. Then,
the Lennard-Jones (LJ) potential function is applied to estimate the
quantitative T-S relation used in the CZM model, after which the re-
levant CZM parameters are imported into the FE simulations to in-
vestigate the deformation of graphene coating on the substrate Al.
Finally, to verify the proposed method, the blister test, a well-known
method for measuring the adhesion of thin films to their substrate, is
simulated by using both the FE method with the CZM parameters from
the proposed approach and the MD method.

2. Methods and models

In this study, a monolayer graphene is coated on substrate alu-
minum. It is well known that the in-plane Young’s moduli of graphene
are very strong, whereas the out-of-plane Young’s moduli are quite
weak [29]. Therefore, the effect of the chirality of graphene is ignored
because of the weak out-of-plane interaction between the coating and
substrate. The typical (1 0 0) and (1 1 1) stacking planes of substrate Al
are taken into account for investigating the interfacial behavior be-
tween the graphene coating and the substrate Al. The two crystal or-
ientation planes of aluminum and graphene are shown in Fig. 1a. Thus,
there are two assemblies of graphene-coating/Al composites (GA) with
different crystal stacking between the graphene and aluminum layers:
graphene-Al (1 1 1) (GA1 1 1) and graphene-Al (1 0 0) (GA1 0 0). To
arrive at an acceptable size, various dimensions for the simulation box
along the directions with periodic boundary conditions and free

boundary conditions are examined, and finally the dimensions of
196.8×42.6×201.71 Å are obtained for the simulation box. During
the tension process, the boundary in z-direction is set as free, and the
boundaries in x- and y-directions are set periodic. While during the
shear process, the boundaries in x- and z-directions are set as free, and
the boundary in y-direction is set periodic. The graphene is set as a rigid
body while applying tensile or shear loadings in our simulations, and
this setup has been used by Xu and Buehler [30] to calculate the
binding energy of graphene/metal via the first-principle method.
Fig. 1b shows the initial configuration of the MD simulation built within
the MD package of a Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [31].

The interactions between carbon atoms are described by the adap-
tive intermolecular reactive empirical bond order (AIREBO) potential
[32,33], and those between aluminum atoms are described by an em-
bedded atom model (EAM) [34–36]. Because aluminum and carbon
atoms near the interface do not form chemical bonds in the transferring
process, the Lennard-Jones (LJ) 12-6 potential is used to describe the
interactions of carbon/aluminum [37], which is rather useful in de-
scribing the adhesive interface between different components than the
Morse potential [27]. The LJ interaction is written as ULJ (rij)= 4ε[(σ/
rij12|−(σ/rij)6] (rij⩽ rc) [38,39], where rij is the distance between those
atoms not forming bonds, ε is the well depth, σ is the size parameter,
and rc is the cutoff distance. ε and σ are 0.03507 eV and 3.0135 Å, re-
spectively [40,41]. The cutoff distance rc should be taken to be 3 σ or
greater, as recommended in [41], so here we employ a cutoff distance
of 9.0405 Å in our simulations. Initially, both aluminum and graphene
are kept in contact along the interface in the x-z plane with a separation
distance of 3.014 Å. The initial interface separation distance is chosen
to be close to the equilibrium bond length of Al-C. The equilibrium
bond lengths from ab initio calculations and experiments for the Al-C
are in the range of 2.31–3.36 Å [35]. Fig. 2 gives the pair distribution
function in the GA111 at 300 K, from which it can be seen that, after
relaxation, the interface separation distance of the graphene/Al system
is measured in the range of 2.37–2.52 Å. This result is consistent with
the equilibrium bond length of Al-C. The simulation box is first kept at
the constant temperature for 40 ps by Langvin thermostat to permit a
reasonably equal partitioning of the kinetic energy at the beginning.
Then, the isobaric-isothermal ensemble (NPT) is utilized for 50 ps to
maintain a constant temperature and then impose the pressure of 1 bar
to obtain the initial physical state of the material. After equilibrium, the
load is finally applied to the simulation box to obtain a T–S relationship
curve. All simulated time steps are selected as 1 fs.

To apply shear, tensile, and fixed loads to certain atoms, the areas
8 Å thick at the bottom of substrate Al and the graphene layer are
considered to be the loading region (regions a, b, and c in Fig. 1),
wherein the graphene layer (region a in Fig. 1(c)) is subjected to a
tensile force in the z-direction, and to a shear force (region c in
Fig. 1(d)) in the x direction. Region c in Fig. 1(c) and (d) is fixed during
loading. Due to the abrupt change in the velocity of the atom, the
uniform stretching of the system keeps the atom free from computa-
tional shock [42]. The values of tensile and shear stresses at the in-
terface are obtained by averaging the values of atomic virial stresses in
the entire simulation box. In order to reduce or even eliminate the in-
fluence due to elastic deformation, the open displacements of the in-
terface are estimated by the mean atomic displacements of the gra-
phene minus those of the three-layer Al atoms closest to the interface
(that is, the thickness of a primitive cell of single crystal Al). Atomic
quantities are ensemble averaged both in time and space every 100 fs.
Visualization is performed using OVITO [43].

3. Results and discussion

3.1. Traction–separation model

Tensile and shear tests are performed to obtain the T-S relationship
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curve at the interface. This relationship explains the interfacial beha-
vior between the substrate and graphene coating in the composite
under specific loads.

In order to consider the effects of temperature and crystal orienta-
tion on the interfacial behavior, MD simulations are conducted for
GA1 1 1 and GA1 0 0 at temperatures of 150, 300, 450, and 600 K. σmax

and τmax denote the maximum tensile stress and shear stress of

separation, respectively. Fig. 3(a) and (b) shows the T-S curves of
GA111 and GA100 respectively under tensile loading, from which it can
be observed that the maximum tensile force decreases gradually as the
temperature increases. However, the change trend of the maximum
shear stress with temperature displays a completely different pattern
from that of the maximum tensile stress. Fig. 4(a) and (b) gives the T-S
curves of GA111 and GA100 respectively under shear loading. We can
see that, as the temperature increases, the shearing force first increases
to reach its maximum at 450 degrees, then decreases with the further
increase of temperature. This trend with temperature is related to the
changing trend of the thermal expansion coefficient of the graphene in
the temperature range 0 to 600 K [44]. The interfacial shear stresses are
sensitive to the mismatch of the thermal expansion coefficients between
the graphene coating and the Al substrate. The maximum tensile and
shear stresses are given in Table 1, where it is found that the maximum
tensile stresses in GA1 1 1 are always greater than those in GA1 0 0 at
the same temperature, but the trend of the maximum shear stresses is
just the reverse. By means of first-principles calculations, the interface
tensile strengths of graphene/copper and graphene/nickel along the
[1 1 1] direction were calculated by Xu and Buehler [30], respectively,
2.92 GPa and 18.70 GPa. In this study, the calculated interface tensile
strength of graphene/aluminum along the [1 1 1] direction at 150 K is
5.57 GPa, which is between the two above. The cohesive energy ϕc can
be expressed as a function of the tensile strength σmax and the critical
displacement δc corresponding to the tensile strength, i.e.
∅ = −eσ δc cmax [45,46], where e represents exponent function. The
calculated cohesive energy of graphene/aluminum along the [1 1 1]

Fig. 1. Schematic of (a) in-plane compatibility of lattice for aluminum and graphene layer in GA composites; (b) sizes of the MD model, where dimensions are in
angstrom; schematic of (c) tension and (d) shear MD model for GA composites.

Fig. 2. Diagram of the pair distribution function after relaxation in GA111 at
150 K.
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direction at 150 K is −50.19meVÅ−2, which is also between
−24.81meV Å−2 for graphene/copper and −91.33meV Å−2 for gra-
phene/nickel predicted by Xu and Buehler [30]. The interface tensile
strength of graphene/aluminum is stronger than 4.57 GPa for alumina/
aluminum [18] and 3.3 GPa for SiC/aluminum [27]. We also noted
that, the calculated interface shear strength of graphene/aluminum is
only about 0.1 GPa, which is far less than 2.93 GPa for alumina/alu-
minum [18] and 2.2 GPa for SiC/aluminum [27]. The main reason is
that, for alumina/aluminum, some oxygen atoms and aluminum atoms
near the interface will form covalent bonds where the Reaxff potential
is used to describe the interface between alumina and aluminum [18],
while for SiC/aluminum, some carbon atoms and aluminum atoms in
the vicinity of the interface will form strong chemical bonds, in which
the Morse potential is used to describe the interface between SiC and
aluminum [27]. The interfacial shear strength of graphene/aluminum
obtained in this study is close to that of copper/niobium interface si-
mulated by Wang et al. [47], and greater than 0.04 GPa for the carbon-
nanotube/silicon interfaces [48].

Regardless of the temperature of the system or the mode of failure,
the traction always initially increases to a peak value and decreases to
approximately zero when the crack opening becomes large. The simu-
lated maximum separation distance in the normal direction is about
13 ± 1Å and in the tangential direction it is 55 ± 5Å. The cohesive
energy calculation results are shown in Table 1. The CZM parameters
are dependent on the crystal orientation and temperature.

3.2. Cohesive zone model

The CZM explains the relationship between the interface force and
the interface opening displacement. In the CZM, the regions of the two
overlapping cohesive surfaces are simplified to an original zero-thick-
ness zone. Under a certain loading, the two surfaces separate and the
traction between them varies in accordance with a specified T-S law. A
suitable solution for the interface behavior in different loading modes
can therefore be demonstrated by the CZM. For this purpose, the CZM
curve should be obtained by the formulation of the T-S law.

In this study, on the basis of the macroscopic cohesive method in-
troduced by Needleman [17,49] and the modified T-S rule proposed by
Sazgar and Movahhedy [18], the CZM of the temperature-dependent
graphene/aluminum system is obtained by the results obtained by MD
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Fig. 3. The T-S relationship under tensile loading for (a) GA1 1 1 and (b)
GA1 0 0 interfaces at different temperatures.
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Fig. 4. The T-S relationship under shear loading for (a) GA1 1 1 and (b) GA1 0 0
interfaces at different temperatures.

Table 1
The cohesive interfacial parameters obtained from MD results.

Θ (K) Crystal orientation σmax (GPa) τmax (GPa) En (GPa) ϕc (mev/Å2)

150 111 5.57 0.059 413.994 −50.19
150 100 5.53 0.107 566.096 −43.08
300 111 5.20 0.086 448.615 −43.86
300 100 4.90 0.121 463.868 −41.25
450 111 5.10 0.090 391.537 −47.94
450 100 4.81 0.144 415.200 −46.64
600 111 4.68 0.051 356.872 −36.11
600 100 4.58 0.121 385.999 −36.00
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simulation, as given below:

= − −T σ Ae κ Aeκ θexp( )(1.3 0.001 )κ( ) max
2 (1)

Here, T (κ) describes the traction as a function of the dimensionless
parameter κ that is defined as:

= +κ δ δ(Δ / ) (Δ / )n n t t
2 2 (2)

where Δn and δn are normal separation and maximum separation in the
normal mode, and Δt and δt are tangential separation and maximum
separation in the tangential mode, respectively. Thus, a unit value of κ
indicates full failure of the interface. Θ stands for temperature (in

Kelvins). A is an adjustable dimensionless constant that is set equal to
1.95 by analyzing the MD simulation results.

Fig. 5 shows the results of the T-S curves of normal stresses of
GA100 at 300 K and illustrates the results of Sazgar and Movahhedy’s
CZM model [18], the MD simulation, as well as the CZM model in-
troduced by Needleman [17,49]. This figure shows three different
curves crossing each other. From it, we can demonstrate the properness
of Needleman’s exponential model through the curve similarity be-
tween the MD results and the exponential model [17,49]. Moreover, the
modified parameterized CZM is found to be closer to the MD results.
Therefore, the MD results are used to develop a parametric CZM that
can be achieved in the finite element model of graphene/substrate in-
teractions.

The parameters to be used by the CZM can be obtained from the MD
simulations. As shown in Table 1, the parameter T κ( ) is expressed as the
maximum traction force and En is expressed as elastic stiffness esti-
mated according to the work of Volino et al. [50].

4. Validation of parameterized CZM

The blister test is a well-known method for measuring interfacial
behavior between thin films and their substrate, in which stress con-
centrations are avoided by the application of a uniform pressure. To
study the applicability of the CZM proposed in this study, a finite ele-
ment model of the blister test consisting of an aluminum matrix, a rigid
sphere indenter, and graphene-coating, is prepared, as shown in
Fig. 6(a). The sizes of this model are chosen as 19.68, 4.26, and
20.17 nm in the x, y, and z directions, respectively. A cylinder void with
a radius of 1 nm is located at the center of the substrate Al, and a rigid
sphere indenter with a radius of 0.6 nm is applied with the upward
speed of 200m/s in the z-axis direction at the temperature of 300 K.
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Fig. 5. Comparison of the modified CZM with the MD result and the CZMmodel
formulated by Needleman [40].

Fig. 6. (a) Initial schematic of FE model for the blister test in GA; (b) deformation schematic of FE model when the interface is fully separated; (c) initial schematic of
MD model for the blister test; (d) deformation schematic of MD model when the interface is fully separated.
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Only the blister test of GA111 is considered here. For comparison, si-
milar MD simulations (Fig. 6c) are performed with the same applied
speed. Fig. 6(b) and (d) shows the FE and MD numerical results re-
spectively of the blister test, indicating that the FE and MD model have
similar deformation configurations during the blister test. The reaction
force of the indenter in the FE model, as well as that in the MD model
with respect the indenter displacement, are plotted in Fig. 7, from
which the excellent agreement between the FE and MD curves can be
clearly seen.

5. Conclusions

A hierarchical series of simulations was carried out from atomistic
scaled molecular dynamics (MD) analysis to macro-scaled finite ele-
ment (FE) modeling to investigate the interfacial properties between
graphene coating and aluminum (GA). An interfacial cohesive zone
model (CZM) was developed based on the traction–separation (T-S)
curves simulated from normal tension and shear pulling MD simula-
tions of the GA interface at temperatures of 150 to 600 K.

Our MD simulations showed that the interfacial tensile strength
decreased gradually as the temperature increased, but for the interfacial
shear strength, as the temperature increased from 150 K to 450 K, the
values of the interfacial shear strength first increased and then de-
creased with the further increase of temperature from 450 K to 600 K.
This trend with temperature was related to the change trend of the
thermal expansion coefficient of the graphene in the temperature range
from 0 to 600 K.

Finally, the above temperature-dependent CZM parameters were
determined and then imported into the FE model. A blister test of
graphene coated on aluminum was simulated using the macro-scaled FE
method and was verified with the full MD results, suggesting that the
proposed approach is efficient in determining the CZM parameters of
the interfacial behavior between the substrate and the ultrathin coating.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 11772145 and 11372126). DS Li is
grateful for the support of the National Natural Science Foundation of
China (Grant No. 51562027) and XB Liu is grateful for the support of
the Science and Technology Project of Jiangxi Province Education
Department (Grant No. KJLD12073).

References

[1] R.T. Weitz, A. Yacoby, Nanomaterials: graphene rests easy, Nat. Nanotechnol. 5
(2010) 699–700.

[2] W. Wang, J. Yu, Q. Xiang, B. Cheng, Enhanced photocatalytic activity of hier-
archical macro/mesoporous TiO2–graphene composites for photodegradation of
acetone in air, Appl. Catal. B 119 (2012) 109–116.

[3] U. Khan, P. May, A. O’Neill, J.N. Coleman, Development of stiff, strong, yet tough
composites by the addition of solvent exfoliated graphene to polyurethane, Carbon
48 (2010) 4035–4041.

[4] M.A. Rafiee, J. Rafiee, Z. Wang, H. Song, Z.Z. Yu, N. Koratkar, Enhanced me-
chanical properties of nanocomposites at low graphene content, ACS Nano 3 (2009)
3884–3890.

[5] N.T. Kirkland, T. Schiller, N. Medhekar, N. Birbilis, Exploring graphene as a cor-
rosion protection barrier, Corros. Sci. 56 (2012) 1–4.

[6] W. Ren, H.M. Cheng, The global growth of graphene, Nat. Nanotechnol. 9 (2014)
726–730.

[7] S.F. Bartolucci, J. Paras, M.A. Rafiee, J. Rafiee, S. Lee, D. Kapoor, N. Koratkar,
Graphene–aluminum nanocomposites, Mater. Sci. Eng., A 528 (2011) 7933–7937.

[8] M.S. Lee, K. Lee, S.Y. Kim, H. Lee, J. Park, K.H. Choi, H.K. Kim, D.G. Kim, D.Y. Lee,
S. Nam, High-performance, transparent, and stretchable electrodes using graphene-
metal nanowire hybrid structures, Nano Lett. 13 (2013) 2814.

[9] A. Dong, Q. Fu, M. Wei, X. Bao, Graphene-metal interaction and its effect on the
interface stability under ambient conditions, Appl. Surf. Sci. 412 (2017) 262–270.

[10] Y. Kim, J. Lee, Strengthening effect of single-atomic-layer graphene in metal–-
graphene nanolayered composites, Nat. Commun. 4 (2013).

[11] J. Hwang, T. Yoon, S.H. Jin, J. Lee, T.S. Kim, S.H. Hong, S. Jeon, Enhanced me-
chanical properties of graphene/copper nanocomposites using a molecular-level
mixing process, Adv. Mater. 25 (2013) 6724.

[12] M. Rashad, F. Pan, A. Tang, M. Asif, Effect of graphene nanoplatelets addition on
mechanical properties of pure aluminum using a semi-powder method, Progr. Nat.
Sci.: Mater. Int. 24 (2014) 101–108.

[13] M. Rashad, F. Pan, A. Tang, M. Asif, Mechanical properties of nickel-graphene
composites synthesized by electrochemical deposition, Nanotechnology 26 (2015)
065706.

[14] X. Liu, F. Wang, W. Wang, H. Wu, Interfacial strengthening and self-healing effect in
graphene-copper nanolayered composites under shear deformation, Carbon 107
(2016) 680–688.

[15] Y. Wei, L. Anand, Grain-boundary sliding and separation in polycrystalline metals:
application to nanocrystalline fcc metals, J. Mech. Phys. Solids 52 (2004)
2587–2616.

[16] P.D. Zavattieri, P.V. Raghuram, H.D. Espinosa, A computational model of ceramic
microstructures subjected to multi-axial dynamic loading, J. Mech. Phys. Solids 49
(2001) 27–68.

[17] A. Needleman, An analysis of tensile decohesion along an interface, J. Mech. Phys.
Solids 38 (1990) 289–324.

[18] A. Sazgar, M.R. Movahhedy, Development of a molecular dynamic based cohesive
zone model for prediction of an equivalent material behavior for Al/Al2O3 com-
posite, Mater. Sci. Eng., A 679 (2017) 116–122.

[19] K. Gall, M.F. Horstemeyer, M.V. Schilfgaarde, M.I. Baskes, Atomistic simulations on
the tensile debonding of an aluminum–silicon interface, J. Mech. Phys. Solids 48
(2000) 2183–2212.

[20] R. Komanduri, N. Chandrasekaran, L.M. Raff, Molecular dynamics (MD) simulation
of uniaxial tension of some single-crystal cubic metals at nanolevel, Int. J. Mech.
Sci. 43 (2001) 2237–2260.

[21] E. Saether, D.R. Phillips, Molecular-dynamics simulation-based cohesive zone re-
presentation of intergranular fracture processes in aluminum, J. Mech. Phys. Solids
54 (2006) 1899–1928.

[22] V. Yamakov, E. Saether, D.R. Phillips, E.H. Glaessgen, Molecular-dynamics simu-
lation-based cohesive zone representation of intergranular fracture processes in
aluminum, J. Mech. Phys. Solids 54 (2006) 1899–1928.

[23] Z. Yang, Y. Zhou, T. Wang, Q. Liu, Z. Lu, Crack propagation behaviors at Cu/SiC
interface by molecular dynamics simulation, Comput. Mater. Sci. 82 (2014) 17–25.

[24] Y. Zhou, M. Hu, Mechanical behaviors of nanocrystalline Cu/SiC composites: an
atomistic investigation, Comput. Mater. Sci. 129 (2017) 129–136.

[25] G. Xu, H. Wang, Molecular dynamics study of interfacial mechanical behavior be-
tween asphalt binder and mineral aggregate, Constr. Build. Mater. 121 (2016)
246–254.

[26] H. Amini, A. Simchi, A.H. Kokabi, Effects of crystal orientation on the tensile and
shear deformation of nickel–silicon interfaces: a molecular dynamics simulation,
Mater. Sci. Eng., A 543 (2012) 217–223.

[27] C.R. Dandekar, Molecular dynamics based cohesive zone law for describing Al–SiC
interface mechanics, Compos. Part A: Appl. Sci. Manuf. 42 (2011) 355–363.

[28] N. Mounet, First-principles determination of the structural, vibrational and ther-
modynamic properties of diamond, graphite, and derivatives, Phys. Rev. B 71
(2005) 205211–205214.

[29] C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elastic properties and
intrinsic strength of monolayer graphene, Science 321 (2008) 385.

[30] Z.P. Xu, M.J. Buehler, Interface structure and mechanics between graphene and
metal substrates: a first-principles study, J. Phys.: Condens. Matter 22 (2010)
485301.

[31] J.X. Guo, B. Wang, Z.Y. Yang, Molecular dynamics simulations on the mechanical
properties of grapheme/Cu composites, Acta Mater. Compos. Sin. 31 (2014)
152–157.

[32] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J.

0 10 20 30 40 50
0

10

20

30

40

50  MD
 FE

Indenter displacement (Å)

Fo
rc

e 
(n

N
)

300 K

Fig. 7. Reaction forces with respect to the indenter displacement in both MD
and FE models of the blister test for GA111 at 300 K.

W.-G. Jiang et al. Computational Materials Science 151 (2018) 117–123

122

http://refhub.elsevier.com/S0927-0256(18)30314-8/h0005
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0005
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0010
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0010
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0010
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0015
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0015
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0015
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0020
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0020
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0020
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0025
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0025
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0030
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0030
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0035
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0035
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0040
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0040
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0040
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0045
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0045
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0050
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0050
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0055
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0055
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0055
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0060
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0060
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0060
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0065
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0065
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0065
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0070
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0070
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0070
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0075
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0075
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0075
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0080
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0080
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0080
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0085
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0085
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0090
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0090
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0090
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0095
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0095
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0095
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0100
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0100
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0100
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0105
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0105
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0105
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0110
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0110
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0110
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0115
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0115
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0120
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0120
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0125
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0125
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0125
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0130
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0130
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0130
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0135
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0135
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0140
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0140
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0140
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0145
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0145
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0150
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0150
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0150
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0155
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0155
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0155
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0160


Comput. Phys. 117 (1995) 1–19.
[33] W.G. Jiang, Y.H. Zeng, Q.H. Qin, Q.H. Luo, A novel oscillator based on hetero-

geneous carbon@MoS 2 nanotubes, Nano Res. 9 (2016) 1775–1784.
[34] D.W. Brenner, O.A. Shenderova, J. Harrison, S.J. Stuart, B. Ni, S.B. Sinnott, A

second-generation reactive empirical bond order (REBO) potential energy expres-
sion for hydrocarbons, J. Phys.: Condens. Matter 14 (2002) 783–802.

[35] W. Lee, S. Jang, M.J. Kim, J.M. Myoung, Interfacial interactions and dispersion
relations in carbon-aluminium nanocomposite systems, Nanotechnology 19 (2008)
285701.

[36] K. Kadau, P.S. Lomdahl, B.L. Holian, Molecular-dynamics study of mechanical de-
formation in nano-crystalline aluminum, Metall. Mater. Trans. A 35 (2004)
2719–2723.

[37] H. Krull, H. Yuan, Suggestions to the cohesive traction–separation law from ato-
mistic simulations, Eng. Fract. Mech. 78 (2011) 525–533.

[38] J.D. Doll, H.K. McDowell, Theoretical studies of surface diffusion: self-diffusion in
the fcc (111) system, J. Chem. Phys. 77 (1982) 479–483.

[39] Z. Qin, Q.H. Qin, X.Q. Feng, Mechanical property of carbon nanotubes with in-
tramolecular junctions: molecular dynamics simulations, Phys. Lett. A 372 (2008)
6661–6666.

[40] N. Silvestre, B. Faria, J.N.C. Lopes, Compressive behavior of CNT-reinforced alu-
minum composites using molecular dynamics, Compos. Sci. Technol. 90 (2014)
16–24.

[41] B.K. Choi, G.H. Yoon, S. Lee, Molecular dynamics studies of CNT-reinforced alu-
minum composites under uniaxial tensile loading, Compos. B Eng. 91 (2016)
119–125.

[42] X.W. Zhou, J.A. Zimmerman, E.D.R. Jr, N.R. Moody, Molecular dynamics simula-
tion based cohesive surface representation of mixed mode fracture, Mech. Mater. 40
(2008) 832–845.

[43] A. Stukowski, Visualization and analysis of atomistic simulation data with OVITO-
the open visualization tool, IEEE Trans. Fuzzy Syst. 18 (2010) 2154–2162.

[44] N. Mounet, N. Marzari, First-principles determination of the structural, vibrational
and thermodynamic properties of diamond, graphite, and derivatives, Phys. Rev. B
71 (2005) 205214.

[45] V. Tvergaard, Effect of fibre debonding in a whisker-reinforced metal, Mater. Sci.
Eng., A 125 (1990) 203–213.

[46] S. Qu, T. Siegmund, Y. Huang, et al., A study of particle size effect and interface
fracture in aluminum alloy composite via an extended conventional theory of me-
chanism-based strain-gradient plasticity, Compos. Sci. Technol. 65 (2005)
1244–1253.

[47] J. Wang, R.G. Hoagland, J.P. Hirth, A. Misra, Atomistic simulations of the shear
strength and sliding mechanisms of copper-niobium interfaces, Acta Mater. 56
(2008) 3109–3119.

[48] W.G. Jiang, D.F. Peng, X.Q. Feng, Steered molecular dynamics simulations on the
peeling and shearing of carbon nanotubes on a silicon substrate, J. Nanosci.
Nanotecnnol. 13 (2013) 5374–5381.

[49] A. Needleman, An analysis of decohesion along an imperfect interface, Int. J. Fract.
42 (1990) 21–40.

[50] P. Volino, N. Magnenat-Thalmann, F. Faure, A simple approach to nonlinear tensile
stiffness for accurate cloth simulation, ACM Trans. Graphics 28 (2009) 1–16.

W.-G. Jiang et al. Computational Materials Science 151 (2018) 117–123

123

http://refhub.elsevier.com/S0927-0256(18)30314-8/h0160
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0165
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0165
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0170
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0170
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0170
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0175
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0175
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0175
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0180
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0180
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0180
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0185
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0185
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0190
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0190
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0195
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0195
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0195
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0200
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0200
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0200
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0205
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0205
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0205
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0210
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0210
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0210
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0215
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0215
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0220
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0220
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0220
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0225
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0225
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0230
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0230
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0230
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0230
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0235
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0235
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0235
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0240
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0240
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0240
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0245
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0245
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0250
http://refhub.elsevier.com/S0927-0256(18)30314-8/h0250

	A molecular dynamics based cohesive zone model for predicting interfacial properties between graphene coating and aluminum
	Introduction
	Methods and models
	Results and discussion
	Traction–separation model
	Cohesive zone model

	Validation of parameterized CZM
	Conclusions
	Acknowledgments
	References




