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A B S T R A C T   

It is uncertain that the interfacial bonding is whether a strong chemical bond or a weak van der-Waals one in 
graphene-metal composites. The effect of interfacial bonding features on dislocation strengthening are still 
obscure. Herein, we have investigated the mechanical response and dislocation behaviors of graphene/Fe 
composite using molecular dynamics simulations. Lennard–Jones and embedded-atom typed potential is 
employed to model a weak and strong interfacial bonding, respectively. We have considered anisotropy in three 
cases where a pair of graphene nanosheet (GN) were placed on three orthogonal ({110}, {111} and {112}) 
plane. When the dislocation is directly blocked by the GN, the yield stress of the strong-bonded composite is 
higher than that of the weak-bonded one. After the dislocation depins from the strong-bonded {112} GN, the 
Orowan loop is formed without surface step, in contrast to that in the weak-bonded one. For the {111} GN/Fe, 
the dislocation bypasses the GN pair in the strong-bonded composite, where double cross-slip and dislocation 
neutralization on the top {110} slip plane occur opposed to the middle {110} plane in the weak-bonded case.   

1. Introduction 

Graphene, a two-dimensional carbon sheet with monoatomic thick-
ness, firstly isolated by Novoselov and Geim in 2004 [1], possesses many 
excellent properties in thermal [2,3], electrical [4-7] and chemical 
features [8,9], especially in mechanical properties with an intrinsic 
strength of 130 GPa and Young’s modulus of 1.0 TPa [10,11]. These 
outstanding features make it an ideal candidate reinforcement 
composed with various metal matrices, such as Al[12], Cu [13,14], Mg 
[15], Ni [16,17] and Fe [18,19], in a form of atomic-thick continuous 
layer [20] or short flakes [15,21]. It is found that the strength of nano- 
layered graphene reinforced Ni and Cu composites can be 4.0 GPa and 
1.5 GPa, respectively and the thermal conductivity of the graphene/Al 
composite increased more than 15% in comparison with that of Al 
matrix [22]. It is desirable to reinforce iron, the most common metal. 
The hardness of the 2 wt% graphene reinforced iron matrix composite 
can increase to ~ 600 Kg/mm2, compared with ~400 Kg/mm2 of the 
unreinforced iron[18]. Although graphene-based iron matrix compos-
ites were successfully synthesized through powder metallurgy [23,24] 
and selective laser melt sintering [18,25], graphene/Fe composites with 
the promising properties are still scarce. In our pervious simulation work 

[26], it was found that the yield stress of graphene nanosheet reinforced 
iron matrix composite increased up to 1400%, compared with that of 
pure iron. 

Strengthening mechanisms of graphene-metal composites strongly 
depend on the interaction between graphene reinforcements and dislo-
cations in the matrix. Dislocation strengthening mechanism in metallic 
materials can be revealed through large-scale molecular dynamics (MD) 
simulation [27]. Using MD simulations, the strong dislocation storage of 
graphene resulted in an extremely high strength of 8.77 GPa in gra-
phene/Cu composite [28]. Recently, the relationship between disloca-
tion evolution and graphene orientation in graphene/Fe composite 
during compression was investigated, where the yield stress was around 
10 GPa and three possible interaction mechanisms of transmission, 
reflection and gliding were revealed to be dependent on graphene 
location [19]. The dependence of dislocation-graphene interaction to 
the factors, such as the number of graphene layers, amorphous layer 
structure, the bond strength of C–C atoms in graphene, and boundary 
conditions were further studied by MD simulations [29,30]. Further-
more, the effect of graphene on mechanical properties in multilayer 
graphene/Cu composites under uniaxial tension was studied by MD and 
the results indicate that the interfacial feature of Cu and graphene has a 
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great effect on mechanical response and dislocation behaviors during 
deformation [31]. 

Many attempts have been made to explore interfacial characteristics 
of graphene and metals, for example graphene on Ni, Cu and other seven 
metallic substrates by first principle (FP) simulations [32,33], on Fe by 
FP [34] and on Ti by MD [35]. It is found that there is a great discrep-
ancy for adhesion energy of graphene and metal substrate, where the 
adhesion energy for graphene on Cu (111) surface was 0.18 ~ 1.1 J/m2 

by FP [33,36,37], compared with the experimental value of 0.72 [38], 
0.89 [39], 1.54 [40], and 12.8 J/m2 [41] measured by different 
methods. The discrepancy of interfacial features may be derived from 
the fabrication [42,43] and/or measuring method [41,44]. FP simula-
tions or MD with the Lennard–Jones typed interatomic potential to 
describe carbon–metal interaction in graphene-metal composites are 
commonly believed to only consider a weak-bond interaction or van der- 
Waals force. As carbide phase in iron, such as Fe3C or ferrite, is ther-
modynamically preferable at ambient temperature, graphene-Fe3C-Fe 
composites were experimentally obtained by a controlled carburization 
process [45]. In our previous work [46], the adhesion energy of gra-
phene and Fe calculated from MD simulations can be one order of 
magnitude difference, when two types of Fe-C bonding were performed 
by different interatomic potentials. However, the effect of interfacial 
bonding features on mechanical response of graphene-metal composite 
is still unsettled. 

In this work, we systematically study mechanical behaviors in 
dislocation pre-exist graphene/iron composite. Two types of interfacial 
bonding are modeled with different interfacial strength. A pair of gra-
phene nanosheet (GN) is located on the {110}, {111} and {112} 
crystallographic plane in the matrix, respectively. A Lennard–Jones (LJ) 
type potential of Fe-C is used to model a weak interfacial bonding be-
tween graphene and iron, while an embedded-atom-method (EAM) type 
potential is for the strong interfacial bonding. The interaction between 
an edge dislocation of 1/2[111] and the GN in the graphene/iron 
composite during shearing is discussed with respect to dislocation 
structural evolution. 

2. Model setup and interatomic potentials 

MD simulations were implemented by the large-scale atomic/mo-
lecular massively parallel simulator (LAMMPS) software [47]. The 
schematic of MD setting shows in Fig. 1, where an edge dislocation of 1/ 
2[111] and a pair of graphene nanosheet (GN) parallel to (110), (112)
and (111) plane, respectively, were inserted in a single-crystal bcc α-iron 
matrix with a lattice distance of 2.85 Å. The simulation cell was 200 Å ×
200 Å × 200 Å and the GN pair had an area of 80 Å × 80 Å with the 
interval distance of 80 Å. The MD model contained about 720,000 atoms 
with the GN content about 0.53 vol%. The periodic boundary condition 
was applied to the two in-plane directions (x and y) but not to the out-of- 
plane direction (z). Two pistons at the top and the bottom of the simu-
lation cell, each consisting of three (110) atom layers, where the 

increment strain (εzy) was applied to only the top piston. An edge 
dislocation with Burgers vector 1/2[111] slipped on the (110) plane 
was created by removing three adjacent (111) layers of atoms below 
this (110) glide plane. The dislocation density was about 5 × 109 /m2. 
The simulation time step was set to 0.001 ps. 

The embedded-atom-method (EAM) potential [48] was used to 
describe the interaction of Fe-Fe atom in the matrix. The adaptive- 
intermolecular-reactive-bond-order (AIREBO) potential [49] was to 
the interaction of C–C atom in grapheme [50,51]. The strong chemical 
bonding or weak/von der-Waals force of Fe-C interaction at the 
graphene-iron interface were described by an EAM-typed potential [48] 
or a Lennard-Jones (LJ) type potential [52], respectively. It is worth 
noting that the selection of this potential is a compromise of accuracy 
and efficiency, despite that the magnetic bond-order potential Fe-Fe 
interaction [53] would be a better description of magnetic interaction. 
In addition, this EAM-typed potential of Fe-C[48] can successfully 
describe short-ranged covalent bonding of the carbon p electrons and 
perform a covalent type bonding for carbon-iron based on insights from 
density-functional theory. This potential can describe the interaction of 
carbon and iron across a wide range of defect environments, and 
appropriate for billion atom MD simulations, such as the interaction of 
dislocations with carbides in BCC Fe and plastic deformation of pearlitic 
steel[54,55]. In our previous work [46], the adhesion energy for the 
graphene on (110) iron surface from MD simulations using LJ and EAM 
potentials was 0.47 and 26.83 J/m2, respectively. From another MD 
simulation [53], the adhesion (or adsorption) energy for the graphene 
on (110) iron was 0.94, 1.41, 40.09 and 15.04 J/m2, respectively using 
LJ, Johnson, MEAM and ReaxFF potentials of Fe-C. By comparison, 
under the same MD orientation settings of graphene on {110} iron in 
the reference [53], the adhesion energy was calculated about 0.72 J/m2. 
Moreover, the bond length of Fe-C from EAM potential was mostly 
around 1.86 Å [46], which proved the existence of carbide, such as Fe3C, 
Fe7C3, and indicated that the EAM potential could simulate carbide- 
typed interface in graphene/Fe composites. 

Before loading, the simulation cell was fully relaxed using the 
Parrinello-Rahman algorithm [56]. Then the canonical (NVT) ensemble 
[57] was used for 10 ps for the thermal equilibrium at 300 K. Succes-
sively, a small and equal strain increment (εzy) of 1 × 10-5 was applied 
every 1.0 ps, corresponding to a strain rate of 1 × 107 /s. The stress 
fluctuation within the increment was less than 10 MPa. During shear 
loading, the microcanonical (NVE) ensemble were employed and kept 
the system temperature at 300 K using Andersen rescale algorithm [58]. 
For each strain step, the total stress was calculated from the atomic-level 
viral stress [59] in the dynamic region only (i.e., excluding the piston 
regions). The OVITO software was used to visualize defects structures 
[59], in which the common neighbor analysis was used to identify defect 
atoms [60] and dislocation extraction algorithm was used to remark 
dislocation lines [61,62]. 

In order to verify the MD results, the molecular static and MD sim-
ulations at the temperature of 0.1 K were also carried out and the 

Fig. 1. Schematic of MD model setup for an edge dislocation of 1/2[111] interacted with graphene nanosheet (GN) pair in the GN/Fe composite, where the GN pair 
parallels to the (110), (112) and (111) plane, respectively (dislocation slip plane is marked by a grey-colored plane). 

L. Wang et al.                                                                                                                                                                                                                                   



Computational Materials Science 191 (2021) 110309

3

discussions were in Supplementary Materials. 

3. Results and discussion 

3.1. Stress–strain curves 

The stress–strain curves from the MD simulations are illustrated in 
Fig. 2(a), with and without the GN in the iron matrix. For pure iron, the 
shear modulus was 62 GPa, close to the value about 60 GPa from other 
MD simulations [63], and the yield stress for dislocation movement was 
about 153 MPa derived from the potential of Fe-Fe [48]. After reinforced 
by the GN, the shear modulus and yield stress increased. Mechanical 
property of the GN/Fe composite showed a strong anisotropic response, 
depending on the GN location. The shear modulus of the composite 
reinforced by the (110), (112) and (111) GN was 95 GPa, 100 GPa and 
109 GPa, respectively, regardless the interfacial bonding features. The 
shear moduli of the GN/Fe composite were different for different ori-
ented GN, because Young’s modulus of single-crystal BCC α-Fe matrix is 
orientation dependent and the planar feature of GN reinforcement 
maintains this dependency. The modulus of iron was about 195, 212 and 
288 GPa on the 〈110〉, 〈112〉 and 〈111〉 crystallographic direction, 
respectively, when tension loading of iron nanowire was by MD simu-
lation [64]. 

The GN/Fe composite had a higher yield stress when the dislocation 
interacted with the GN at the strong-bonded interface, referring to the 
weak one. Otherwise, the bonding strength seems to have little effect on 
yield stress, as occurred in the (110)-placed GN/Fe composite. The 
interaction between the dislocation and the (112) GN at the strong- 
bonded interface was the strongest effect on blocking dislocation 
movement and the yield stress was 991 MPa, increased by 548% 
compared with that of the pure iron, while it decreased about 200 MPa, 

when the interface became a weak-bonded one. The yield stresses of the 
(111) and (112) GN reinforced composites with the weak-bonded 
interface were very close, which were about 830 MPa. When the dislo-
cation detached from the GN in the (111) and (112) GN/Fe composites, 
the depinning stress in the (111) GN/Fe with the strong and weak- 
bonded interfaces was 405 MPa and 475 MPa, respectively, while it 
became 400 MPa and 135 MPa on the (112) GN/Fe, as shown in Fig. 2 
(c). 

3.2. Strengthening and dislocation behaviors of the (110) GN/Fe 
composite 

In the (110) GN/Fe composite, the dislocation slipped on the middle 
(110) plane without touching the GN pair. In Fig. 3, the dislocation 
evolution during shear loading was described as follows: firstly, the 
stress increased linearly with the strain at the elastic stage. Then, the 
dislocation started to move at the A/A’ point with the strain about 0.6% 
and kept moving under the same-level stress. The dislocation motion 
was mainly against the resistance of the lattice. After the dislocation 
moved away from the graphene pair, a sharp drop of the stress was 
observed. The stress–strain curves of the composites with the weak- and 
strong-bonded interface were very close, where the yield stress was 520 
MPa and 505 MPa, associated with the strain of 0.54% and 0.51%, 
respectively. The yield stress of the GN/Fe composite with a pair of 
smaller-sized GN of the area of 8 × 5 nm2 was 479 MPa in our previous 
work[26], associated with the same dislocation response. The 
strengthening mechanism of the (110) GN/Fe composite was mainly 
caused by the load bearing of the GN reinforcement, since there was no 
direct contact between the dislocation and GN, as shown in Fig. 3(b). 

In general, the interface plays an important role to transfer load from 
matrix into reinforcement. In our previous paper [46], adhesion features 

Fig. 2. (a) Stress–strain curves for pure iron matrix and graphene nanosheet reinforced iron (GN/Fe) composites with the weak-bonded (LJ) and strong-bonded 
(EAM) interfaces, calculated by molecular dynamics (MD) at the temperature of 300 K; (b) the comparison of yield stress for iron and GN/Fe composites at 300 
K and (c) the depinning stress of the (111) and (112) GN/Fe composites at 300 K, after the dislocation detached from the GN. 
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of graphene on different-oriented iron substrates were studied, where 
the adhesion energy of a strong-bonded surface was about 50 times 
larger than that of weak-bonded one, and the surface stress distribution 
and surface morphology were greatly affected by the interfacial bonding 
strength. When the GN changed from the film on the surface to the 
reinforcement into the matrix, the equivalent stress contour was shown 

in Fig. 3(c). Although the local stress at different-bonded interface was 
distinguishable, it seemed that the interfacial strength had little effect on 
the yield stress of the (110) GN/Fe during shearing in absence of 
dislocation-GN interaction. From the molecular static simulations (in 
Supplementary Information), the yield stress of the (110) GN/Fe com-
posites with the strong- and weak-bonded interface showed clear 

Fig. 3. (a) The stress–strain curves of the (110) GN/Fe composites with the weak-bonded (LJ) and strong-bonded (EAM) interfaces, compared with that of pure iron, 
(b) dislocation behaviors of the (110) GN/Fe composites at initial and yielding point, (c) a cross-sectional view of equivalent atomic-level stress contours at the O’ and 
O point on the (112) plane across the graphene center in the GN/Fe composite and (d) the magnified atomic-level stress distribution in the red-dashed square in (c), 
where the C and Fe atom was represented by the box and sphere, respectively. 

L. Wang et al.                                                                                                                                                                                                                                   



Computational Materials Science 191 (2021) 110309

5

difference, while this difference became ambiguous even at the tem-
perature of 0.1 K from MD simulations. After we magnified the atomic- 
level stress distribution near the interface region in Fig. 3(d), we found 
that the high-level stress concentration region was less than one iron 
atom layer thickness around the graphene at the LJ interface, opposed to 
a thickness of two iron layer thickness at the EAM one. Both stress 
concentration regions were far from the dislocation located on the 
middle (110) plane. 

Then we reset the dislocation location to study the effect of stress 
concentration on mechanical response. In Fig. 4 (a), an edge dislocation 
was set at the 2nd iron atom layer beneath the upper graphene. The 
stress–strain curves calculated by MD using the LJ and EAM potentials 
were illustrated in Fig. 4(b). The yield stress from the LJ and EAM was 
613 MPa and 799 MPa, respectively, which was an increase of 58% and 
20%, compared to that in the initial (110) GN/Fe composite. It indicates 
that the interface bonding strength plays an essential role on mechanical 
response of GN/Fe composite. These findings were also similar to the 

observations [29], where the structure of amorphous layer near the GN- 
Fe interface greatly affected the stress and dislocation responses. 

3.3. Strengthening and dislocation behaviors of the (112) GN/Fe 
composite 

When the GN pair paralleled to the (112) plane, dislocation motion 
was observed to be blocked by the GN straightforward. The strength-
ening mechanisms of the GN/Fe composites were combined with 
dislocation strengthening and load transfer, which were greatly affected 
by interfacial features. The stress–strain curves of the (112) GN/Fe 
composites during shearing were shown in Fig. 5, associated with 
dislocation evolution at different stages in Fig. 6. 

At the first stage of shear loading, the stresses of the GN/Fe com-
posites with the strong- or weak-bonded interfaces were increased lin-
early to the M or M’ point. There was not a clear difference of the shear 
modulus (~100 GPa), in contrast to the initial yield stress of 230 or 183 
MPa in the strong- or weak-bonded composites. Meanwhile, the dislo-
cation started to move until it reached the GN and was blocked there. 
Then, the stress continued to increase up to the A or A’ point, associated 
with the dislocation hindered by the GN. The shear modulus and the 
second yield stress were 110 GPa and 991 MPa in the strong-bonded 
composite, compared with 105 GPa and 827 MPa in the weak-bonded 
one. 

Afterward, in the A-D stage for the strong-bonded composite, the 
dislocation segment in the inner side of the GN pair was firstly bowed, 
then moved forward and left one screw segment attached on the inner 
interface for each GN. Meanwhile, two dislocation segments in the outer 
side of the GN pair were firstly folded at the intersection points and then 
formed another two screw segments attached on the outside interface of 
the GN pairs. The two screw segments attached in the same GN had the 
same Burgers vector with the opposite line sense, and they connected to 
form an Orowan loop around each GN after the dislocation detached. By 
comparison, in the A’-D’ stage for the weak-bonded composite, the 
whole dislocation line was assumed to be directly broken into three 
individual segments by the GN pairs which moved separately out of the 
GN, or it bent to form two screw segements which might be absorbed by 
the core spreading process. Finally, the dislocation depinned from the 
GN at the D or D’ point and the depinning stress in the strong-bonded 
composite was higher than that in the weak-bonded one. Since the 
dislocation crossed the periodic boundary can re-enter the simulation 
cell, the stress for the dislocation re-slip in the weak-bonded composite 

Fig. 4. (a) MD setup of the edge dislocation located on the 5th atomic layer beneath the upper graphene and (b) the stress–strain curves of the (110) GN//Fe 
composites with the weak-bonded (LJ) and strong-bonded (EAM) interfaces, with the dislocation located on the five atomic layers below the upper interface. 

Fig. 5. The stress–strain curves of the (112) GN//Fe composites with the weak- 
bonded (LJ) and strong-bonded (EAM) interfaces. 
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was close to the stress at the M’ point. Due to the production of the 
dislocation loop, the stress for dislocation re-slip in the strong-bonded 
one was higher than the initial yield stress at the M point. 

It is worth mentioning that because the CNA and DXA methods 
cannot distinguish defect type of the atom at the interface which belongs 
to dislocation core or interfacial atom, there is no dislocation line 
marked for dislocation screw segment and dislocation loop at the 
interface in Fig. 6. In order to further clarify the formation of dislocation 
loop, the atomic bonding force of each interfacial iron atom at the 
strong- or weak- bonded interfaces at the O or O’ points were illustrated 
in Fig. 7(a, b) and defect structures at the E or E’ points were in Fig. 7(c, 
d). The weak-bonded interface was much smoother than the strong- 
bonded one, leading to less misfit strain there. The surface steps were 
observed at the intersection points of the interface in Fig. 7(c), which 
indicated that the dislocation preferred to escape rather than pin there 
when they encountered. In contrast, the atomic force at the strong- 
bonded interface was higher than that at the weak-bonded one. Dislo-
cation line was pinned at the intersection points of the interface and two 
Orowan loops were easily identified from the interfacial morphology in 
Fig. 7(d), which behaved similar to a Frank-Read source, as illustrated in 
Fig. 7(e). 

3.4. Strengthening and dislocation behaviors of the (111) GN/Fe 
composite 

The stress–strain curves of the (111) GN/Fe composite with the 
strong- or weak-bonded interface in Fig. 8 showed that the bonding 
characteristic had a great effect on shear modulus and yield stress. 

Dislocation morphologies at different stages were presented in Fig. 9. 
Before loading, it was found that the dislocation was attracted by the 

GN. At the yielding point of A or A’, the dislocation line started to bow 
from the two intersection points of the GN. 

Afterward, the dislocation evolution was observed differently in the 
strong- and weak-bonded composites. The line was folded from the 
intersection points into two screw segments between the GN pair with 
the opposite sign at the B or B’ point. The two screw segments in the 
strong-bonded composite can cross-slip along the (112) plane up to the 
top boundary of the GN and formed a kink in the C-D stage, while for the 
weak-bonded one, the segments slipped on the middle (110) plane in the 
C’-D’ stage, which was one-layer atomic distance below the original slip 
plane of the edge dislocation. In additional, the cross-slip was spotted on 
a small piece of dislocation segment at the GN edge. In the E-F stage, the 
two segments approached each other and neutralized on the (110) plane 

at the top of GN pair, in contrast to annihilate on the 
(

110
)

plane at the 

middle of the GN in the E’-F’ stage. At the G or G’ point, the whole 
dislocation crossed the periodic boundary and re-slipped on the simu-
lation cell. 

In order to clarify the features of dislocation evolution, the force 
distribution of each atom across one of the (111) interface at the A or A’ 
point was illustrated in Fig. 10(a, b). Since the stress at the weak-bonded 
interface was small in Fig. 10(a), the screw segments could slip on the 
(110) plane in the middle of the GN in Fig. 10(c). For a larger interfacial 
stress was produced by the strong-bonded interface in Fig. 10(b), the 
screw segments were difficult to slip on the original slip plane. Instead, 
they cross-slipped on a (112) plane over the stress-concentrated region 

Fig. 6. Dislocation behaviors of the (112) GN/Fe composites during shearing, associated with the key stages in the stress–strain curves in Fig. 5, where the 
dislocation line was presented by the green line, the graphene nanosheet by the blue sheet and dislocation slip plane by the yellow plane. 
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Fig. 7. Atomic force (vector) at each interfacial atom marked by a green arrow at the interface in the (112) GN/Fe composite at the (a) O’ and (b) O point, and defect 
structures at the (c) E’ and (d) E point in Fig. 5, in which the interfacial or dislocation-core atom was marked by the red dot, dislocation line marked by the green line 
and the Orowan loop marked by the green-dashed line, and (e) Orowan loop formation. 
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and form kinks afterward in Fig. 10(d). Then, another cross-slip of them 
occurred on a (110) plane at the top of the GN pair and eventually the 
two segments neutralized on this plane, where no surface step was left 
between the GN pair in Fig. 10(f). In contrast, at the G’ point, after the 

screw segments annihilated at the middle of the GN, two surface steps 
were created between the GN pair, as shown in Fig. 10(e). Since the edge 
dislocation segment attached on the interface could not penetrate 
through the GN, it was absorbed by the interface and left surface step 
there, which occurred in both the strong- and weak-bonded interfaces in 
Fig. 10(e, f). Therefore, the strength of GN-Fe interface can greatly affect 
the ability of GN to block dislocation, in agreement with the observa-
tions[29]. 

4. Conclusions 

The effects of interfacial bonding on mechanical response and 
dislocation evolution of graphene nanosheet (GN) reinforced iron matrix 
composition with the GN located on the different-oriented planes were 
investigated using molecular dynamics simulations. When the disloca-
tions are directly blocked by the GN, the yield stress of the composite 
with the strong interfacial bonding can be enhanced up to 200 MPa over 
that in the weak one. When the dislocation interacts with the GN pair 
parallel to the {112} plane, the Orowan loop is formed around the 
strong-bonded interface without surface step after dislocation depin-
ning, in contrast to that in the weak-bonded one, where the surface step 
is created at the dislocation escaping site in the interface without any 
loop, associated with a greater stress drop. When the GN pair parallels to 
the {111} plane, the dislocation bypasses the GN pair in the strong- 
bonded composite, in which double cross-slip, kink and dislocation 
neutralization take place on the top {110} slip plane. However, dislo-
cation slip and neutralization only occur on the middle {110} plane in 
the weak-bonded one and two surface steps are left after dislocation 

Fig. 9. The dislocation structure of the (111) GN/Fe composites during shear loading, associated with key stages in the stress–strain curves in Fig. 8, where the 
dislocation line was presented by the green line and the graphene nanosheet by the blue sheet. 

Fig. 8. The stress–strain curves of the (111) GN/Fe composite, associated with 
the weak-bonded (LJ) and strong-bonded (EAM) interfaces. 
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neutralization. Our atomistic insights into the interfacial bonding and 
dislocation-interface interactions might be useful in material design of 
ultra-high strength graphene-metal composites. 
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