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Abstract 

 

Non-equilibrium Molecular Dynamics (NEMD) simulations have been created in C++ using 

Message Passing Interface (MPI) library to calculate the phonon thermal conductivity of bare 

graphene, aluminum, and graphene-coated aluminum. This study focuses on how graphene can alter 

the thermal conductivity of graphene-coated aluminum. The effect of length, graphene, and the 

number of graphene layers are analyzed. Even though electrons are dominant on thermal 

conductivity of aluminum, the effect of graphene coating can be seen in the results. The results 

show that the thermal conductivity of aluminum increases by up to 149% by graphene coating. 

When the number of layers increases to two layers, the thermal conductivity increases by up to 

261%. Moreover, the results increase with the length of all models.  

 
 

 

1. Introduction
*
 

         

The development in computer and materials sciences 

enable us to create new devices in many areas including 

automotive and aerospace. At the same time, these new 

devices must work under heavily loaded operations. These 

operations generate heat as a by the production of 

operation. Among metals, aluminum has been adopted in 

these devices owing to its high thermal conductivity value 

among metals. However, higher thermal conductivity 

materials are needed for these advanced applications to 

keep them under the required working conditions [1]. In 

the literature, there have been various materials including 

Carbon Nanotubes (CNTs), diamond, graphite, and 

graphene used to obtain the need for thermal management. 

Graphene is one of the materials that has the highest 

thermal conductivity value among carbon allotropes. It 

also has lightweight, high mechanical, and electrical 

properties [2–5]. These properties make graphene 

attractive material among thermal applications [6]. 
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This article is an extended version of the paper presented at the 22nd 

Congress on Thermal Science and Technology. 

Researchers have been working on graphene to use in 

many areas. It has been used as pure graphene and 

reinforcing or coating material to enhance material 

properties.  

Many attempts have been done for producing 

graphene reinforced Aluminum Metal Matrix Composites 

(AMMCs). For instance, graphene reinforced AMMCs are 

produced with Friction Stir Processing (FSP) [7], powder 

synthesis [8–10], vacuum hot pressing [11], and Chemical 

Vapor Decomposition (CVD) methods [12]. Jeon et al. [7] 

studied graphene reinforced AMMC fabrication by FSP 

and the results showed that the thermal conductivity was 

15% higher than the bare aluminum. Another research 

showed that a 15.4% enhancement in thermal conductivity 

can be achieved by adding graphene into pure Al by 

powder metallurgy technique [13]. Zheng et al. [12] 

synthesized graphene-coated aluminum alloy by 

transferring the CVD grown graphene on aluminum alloy. 

Aluminum alloy’s anti-corrosion property enhanced via 

graphene coating. The corrosion resistance of aluminum 

studies has been done by other researchers in the literature 

and it was also found that the graphene layer protects the 

aluminum against corrosion [14]. Moreover, Han et al. [15] 

were fabricated nanotube@Cu/Ag@graphite/Al composite. 
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The results showed that 0.1 mm graphite enables 

composite to have 48.8% higher thermal conductivity, 

stable coefficient of thermal expansion at a high 

temperature, and 126% higher bending strength compared 

to without graphite film. Abhinav et al. [16] made up of an 

aluminum box and a graphene-coated aluminum box to 

compare heat transfer and electrical resistance. The results 

showed that the temperature of the inside graphene-coated 

aluminum box is 36% higher than the uncoated one. The 

electrical resistance value was also decreased by 33%. 

The studies on graphene are not limited to 

experimental ones; the numerical calculation has been 

done in the literature. One of the most widespread methods 

of Molecular Dynamics (MD) is an atomistic simulation 

technique to study the properties of nano-sized materials. 

Zhang et al. [17] studied the length effect on the thermal 

conductivity of supported graphene and achieved that TC 

increases with the length. Cao [18] studied MD simulation 

to show the temperature effect of graphene on the TC. The 

results showed that the TC decreases from 1600 Wm-1K-1 

to 400 Wm-1K-1 as the temperature increases from 300 K to 

1000 K. In addition to pure graphene, the mechanical 

behavior of graphene-coated aluminum is investigated. The 

Young modulus of aluminum increases with graphene 

coating by 88% [19]. 

NEMD simulation code is created in the C++ 

programming language using Message Passing Interface 

(MPI) library and the code is used to investigate the length 

dependence and graphene coating effect on the phonon 

thermal conductivity (κph) of aluminum.      

 

2. Method 

 

A zig-zag structure graphene-coated aluminum that 

has a Face-centered Cubic (FCC) structure with a lattice 

constant of 4.04 Å models is created. Figure 1 illustrates 

the schematic model of graphene-coated aluminum with 

calculation zones.  

 

 

Figure 1. Schematic illustration of the simulation domain. 

 

The height (Ly) and width (Lz) of the aluminum 

block are kept at 16 Å during the simulations. The 

simulation models have three calculation zones; error, 

thermostat, and main. Two error zones are created and 

placed at each end of the modeled materials. Their lengths 

(Le) are kept at 3 Å. The thermostat zones have placed 

both edges between the main zone and error zones and 

kept at 320 K as a heat source and 280 K as a heat sink 

using the Nose-Hoover thermostat. Nose Hoover 

thermostat is one of the numerical methods used to control 

the temperature by maintaining the velocities [20]. The 

relaxation time of the thermostats,  , is selected as 50 fs. 

The length of the heat source (Lsr) and sink (Lsn) are 8 Å. 

The main zone or main slab is where the length effect is 

investigated. The main slab is virtually sliced into 8 

sections. The length of each section is equal to each other. 

The lengths of the modeled materials (Lx) are 60, 100, 

200, and 250 Å to predict the length effect on the phonon 

thermal conductivity (κph). The length between the top of 

the aluminum block and the graphene layer (Lg) is 3 Å 

[21]. The length between each graphene layer is 3.4 Å for 

multiple layers graphene [22]. 

The C-C bonding interactions in graphene layers are 

calculated by the Tersoff potential; 

    

 T  ri ,rik, i k  fi 
 t  ai Ae

- 1ri -bi  e
- 2ri                           (1) 

 

where   is the cut-off function and bi  is the bond angle 

terms. The rest of Tersoff potential parameters are 

A 1393,6 eV,   346,74 eV,  1 3.4879 Å,  2 2.2119 Å, 

n=0.72751, c=38049, d=4.3484, h=-0.57058, 
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β 1.5724*10-7, Ri  1.8 Å, Si  2.1 Å, and ai  1 [23]. The 

Al-Al interactions are described as the Sutton-Chen 

potential which is on the Embedded Atom Method (EAM) 

potential; 

 

 S (ri )    
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m
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  i                                 (2) 

 

where  Al-Al =0,033147 eV, m=6, n=7, c=16,399 [24]. 

The nonbonding interactions between the aluminum block 

and graphene layer which is Al-C and between each 

graphene layer which is C-C are assumed as the Lennard-

Jones potential; 

 

 L (ri ) 4   
 

ri 
 
12

-  
 

ri 
 
6

                                                  (3) 

 

where  Al-  0.035078 eV and  Al-  3.0135 Å for Al-C 

interactions [21] and   -  0.002168 eV and   -C =3.36 

Å for  -C interactions [25]. The numerical integrations are 

calculated using the Velocity-Verlet integration algorithm 

with 0.5 fs timestep [26]. 

The molecular model of a single layer graphene-

coated aluminum block is seen in Figure 2.  

 

 

 Figure 2. Single-layer graphene-coated aluminum. 

 

A single atomic layer of aluminum is fixed at both the left 

and right ends of the models. The simulations are first to 

run 0.125 ns to equilibrate the system temperature at 300 

K. Following the system reaches the temperature of 300 K, 

the heat source at 320 K and heat sink at 280 K are applied 

to the model for 14.875 ns. After the temperature 

differences, the simulations are continued for 5 ns where 

the thermal conductivity is calculated. During the last 

period, the temperature gradients and thermostat energy 

change data are collected. Using the Fourier low approach 

and the simulation data, the thermal conductivity is 

calculated as follows [27]; 

 

κph 
  avg

A t
 T

  

                                                                           (4) 

 

where  t is the simulation time,  T     is the temperature 

gradient of the main slab, A is the cross-sectional area, and 

 Eavg is the average energy changes in the heat source and 

sink. It is the mean energy that is added and subtracted in 

thermostat regions. It is calculated from the energy 

differences between before and after thermostats applied to 

both heat source and heat sink parts. 

 

3. Results 

 

The phonon thermal conductivity of pure graphene, 

uncoated aluminum, and graphene-coated aluminum was 

predicted. For comparison, the length effect on the thermal 

conductivity was calculated for each model. The length 

effect on the suspended graphene in the range from 60 to 

250 Å is calculated and shown together with the results by 

Wei et al. [22] in Figure 3. Single-layer graphene with a 

thickness of 3.4 Å was used during pure graphene 

simulations. As seen in the results, the length dependence 

of bare graphene shows similar results and increases with 

length. 

 

 

Figure 3. The phonon thermal conductivity of single layer 

graphene. 

 

Even though heat transport is dominated by phonon 

in graphene, it is maintained by electrons in metals. Figure 

4 shows the length effect on the phonon thermal 

conductivity of aluminum with a temperature gradient 

through a longitudinal direction. The results show that the 

thermal conductivity increases. The thermal conductivity 

of aluminum is 205 W/mK in the literature, however, the 

obtained results are much smaller since the MD simulation 
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results are phonon interactions. Still, the simulated results 

are similar to the literature [28-29]. 
 

 

Figure 4. The length dependence of phonon thermal 

conductivity of aluminum. 

 

After simulating and calculating the phonon thermal 

conductivity of graphene and aluminum individually, 

graphene-coated aluminum is modeled to investigate its 

results. Figure 5 shows the length and number of graphene 

coating layer effects on the thermal conductivity of 

graphene-coated aluminum.  

 

 

Figure 5. Phonon thermal conductivity of bare 
aluminum, SLG coated aluminum, and BLG coated 

aluminum. 

 

As seen from the results, the thermal conductivity 

increases for all models with the length. There is also a 

significant increase in thermal conductivity with graphene 

coating. There is an up to 149% increase with Single-Layer 

Graphene (SLG) coated aluminum and up to 261% 

increase with two-layer graphene layers (BLG) coated 

aluminum. Accordingly, the C-Al interactions and the 

unique properties of graphene help to increase heat transfer 

on the graphene-coated aluminum. This means that the 

thermal transport in graphene-coated aluminum is ballistic. 

Additionally, it is believed that increasing the number of 

graphene coating layers limits the phonon scattering and 

increases the phonon mean free path which results in 

increasing the thermal conductivity. 

 

4. Conclusions  

 

 In the present study, a NEMD simulation code in C++ 

with MPI library was created to explore the phonon 

thermal conductivity of bare graphene, aluminum, and 

graphene-coated aluminum. Thermal conductivity of 

graphene-coated aluminum increases with a length which 

is seen similar results in bare graphene and aluminum. Due 

to the interaction of C-Al and C-C, the thermal 

conductivity of graphene coating on aluminum increases 

the thermal conductivity. Increasing the number of coating 

graphene layers shows an enhancement in the thermal 

conductivity for bare aluminum. Even though electrons 

dominate on the thermal conductivity of aluminum, the 

graphene coating on aluminum shows a distinctive 

contribution to the phonon thermal conductivity. By the 

results of this study, graphene coating may enable 

aluminum to be used in need of high thermal management. 
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