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Abstract 

In the present study, the mechanical properties of a single crystal and nanocrystalline 

aluminum were investigated. The systems were deformed under uniaxial loading at 

atomistic level. First, the investigation was performed to predict the accuracy of various 

many-body interatomic potentials available on estimating the mechanical properties of 

single crystal aluminum. As such, results from the current simulations were compared with 

available experimental data from references. From the study, it was demonstrated that 

potentials which were parameterized for the elastic constants at room temperature showed 

high accuracy with the experimental data. Out of fourteen potentials tested in the current 

research, the Mishin et al. EAM potential predicted the most accurate mechanical properties 

for single crystal aluminum. Next, this potential was used to simulate uniaxial deformation 

for nanocrystalline aluminum. Results showed good agreement with available experimental 

data for nanocrystalline aluminum. The effects of various grain sizes, strain rates, and 

temperatures were investigated. It was observed that the stacking faults, sliding of the grain 

boundaries, and nucleation of atoms near grain boundaries during deformation hardened 

the nanocrystalline material as the grain diameter increased, which is reverse Hall-Petch 

relationship. 
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1. Chapter 1: Introduction 

1.1. Background 

With the increasing computational power, Molecular Dynamics (MD) simulations, an 

atomistic approach, are gaining the interest of researchers from different disciplines such as 

chemistry, material science, bio-medical, and nano-technology. In recent years, many studies 

on estimating the mechanical properties of metals at the atomistic level, either single crystal 

or nanocrystalline structure, were performed. There is some literature for the uniaxial 

tension test of a single crystal metal in MD simulation. Komanduri et al. [1] have investigated 

the mechanical behavior of various single-crystal cubic metals with crystal orientation <1 0 

0>, such as Face Centered Cubic (FCC) (Aluminum, Copper, and Nickel) and Body Centered 

Cubic (BCC) (Iron, Chromium, and Tungsten) using MD simulation of uniaxial tension test. 

The simulations were performed at room temperature at a constant strain rate (5 Å/ps) 

using Morse potential for the various metals. Results showed the strain to fracture behavior 

of the FCC and BCC metals. Furthermore, the authors concluded that the parameterization of 

the potentials was needed for the simulations, as the Morse potentials did not account the 

deformation behavior of the BCC metals as accurately as the FCC metals. However, there 

were no comparisons of different types of available potentials. Similarly, Yang et al. [2] 

estimated Young’s modulus and Poisson’s ratio for a single crystal copper nanorod under 

uniaxial tensile loading using MD simulation. The authors investigated the effect of 

crystallographic orientations and cross-section sizes of the simulation box on estimating 

mechanical properties using Embedded Atom Method (EAM) potentials at 0 K. However, the 

accuracy of the potential used was not verified. Furthermore, there was no comparison of 

the results obtained with available test data.  
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In MD, an interatomic potential is needed to calculate the interatomic forces and 

acceleration between the interacting atoms and molecules. Hence, the importance of the 

parameterization of the potential based on the applications is required for the MD 

simulation. Very few literatures [3-5] are available, which have tested different potentials 

for various metals such as iron, molybdenum, silicon, titanium, zirconium, and magnesium. 

Morrissey et al. [3] investigated various many-body potentials for their ability to predict the 

mechanical properties of single crystal iron. The authors simulated a uniaxial tension test at 

room temperature at an atomistic-level using various potentials, i.e. EAM, MEAM, ReaxFF, 

and Tersoff. Further, results were compared with experimental data to show the accuracy of 

the potentials used. Tersoff and ReaxFF were the most accurate indicating the importance of 

bonding during the atomistic simulations. Similarly, Etesami et al. [4] calculated the elastic 

constants for the various interatomic potentials for titanium, zirconium, and magnesium. 

Results obtained were compared with available experimental data. The authors have 

discussed the transferability of the potential and concluded the most accurate interatomic 

potentials for the high-temperature materials. In addition, Lysogorskiy et al. [5] quantified 

the accuracy and transferability of the interatomic potential for molybdenum and silicon by 

comparing the results from the simulation to the available experimental data for the material 

properties, such as cohesive energy, atomic volume, elastic coefficients, vibrational 

properties, thermodynamics properties, surface energies and vacancy formation energies. It 

has been demonstrated from these works that the interatomic potential has strengths and 

weaknesses based on the application. Hence, these works concluded that the assessment for 

the parameters of the interatomic potential is necessary to be appropriately studied before 

any simulation performed.  
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From the previously cited literature, it is clear that the interatomic potential is 

parameterized based on the application for various metals. However, there is insufficient 

literature available for the testing of different many-body potentials for FCC metals. Hence, 

an assessment of the various many-body interatomic potentials was performed utilizing MD 

simulations of uniaxial loading at room temperature for a single crystal aluminum with 

crystal orientation <1 0 0>. Elastic modulus and Poisson’s ratio were compared with 

available experimental data to quantify the accuracy of the interatomic potentials for FCC 

aluminum.  

While single-crystal metals were used to verify the accuracy of the interatomic 

potentials, they are not representative of the microstructure of typical metals. Typical 

engineering metals possess a polycrystalline structure. As such, a nanocrystalline sample 

was constructed and simulated in MD to replicate the macroscale testing. A nanocrystalline 

structure is a polycrystalline material where the grain size is in the nanometer (nm) scale. In 

recent years, researchers are highly interested in investigating the mechanical properties of 

nanocrystalline metals due to their various applications such as high-efficiency gas turbines, 

aerospace, and automotive components, which was discussed by Suryanarayana [6]. As such, 

there are some significant literature on estimating the mechanical properties of 

nanocrystalline metals in MD simulations which compared to experimental data. One 

example is the work by Schiotz et al. [7]. The authors investigated the mechanical 

deformation of nanocrystalline copper using MD simulations of uniaxial loading with the 

Effective Medium Theory (EMT) potential [8]. Effect of grain size, temperature and strain 

rate on elastic and plastic behavior of nanocrystalline copper were shown. Results 

demonstrated that the decrease of grain size lead to the increase in the number of grain 
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boundary atoms, which caused the under-prediction of elastic modulus of a nanocrystalline 

material as compared with experimental data. As well, the movement of dislocation through 

the grain and nucleation of the atoms near grain boundary decreases the yield and flow 

stress. As such, the inverse Hall-Petch relationship, i.e. the increment of grain size lead to the 

hardening of nanocrystalline copper, was studied. Furthermore, it was shown that the metal 

becomes softer with increased temperature. Similarly, Galanis et al. [9] also studied the 

mechanical response of nanocrystalline copper. The deformation was performed in MD 

simulation using the same many-body EMT potential from Schiotz et al. [7]. Results showed 

the estimation of elastic modulus, Poisson’s ratio, and cohesive energies of the system and 

compared with available experimental data. Similar to Schiotz's work, they concluded the 

softening of copper at small grain sizes due to the increase of grain-boundary atoms. In 

addition, there is some literature available for nanocrystalline aluminum. Xu et al. [10] 

performed a uniaxial tensile deformation for nanocrystalline aluminum with various mean 

grain sizes. A comprehensive classical MD simulation was carried out using the Mishin et al. 

EAM potential [11] at room temperature. Here, the grain size dependence tensile nano-

mechanics were investigated. The results demonstrated the complete Hall-Petch 

relationship for the nanocrystalline aluminum bulk, identifying distinct regions including the 

normal, reverse, and extended areas. However, the effect of the strain rate and change in 

structure were not investigated for nanocrystalline aluminum. Kadau et al. [12] also 

investigated the mechanical deformation in MD for nanocrystalline aluminum. The MD 

simulations were performed using an EAM potential using Scalable Parallel Short-range 

Molecular dynamics (SPaSM). The authors focused more on the preparation of 

nanocrystalline system than estimating the elastic modulus and Poisson’s ratio for various 
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grain sizes. As such, two different sample preparation methods, Voronoi Construction and 

Sintered under pressure and temperature, were used to construct a nanocrystalline 

aluminum structure. The system that was built using Voronoi method has no pores and 

possesses different mechanical properties than that of the sample prepared using the 

sintered method. However, the sintered system has a low-density as it contains pores in the 

system. Results demonstrated the inverse Hall-Petch relationship for grain sizes smaller 

than 10 nm which was validated with the works of Schiotz et al. [7]. In addition, the fractures 

along the grain boundaries were obtained for the aluminum sample, which was not the same 

case for the copper sample. However, the effect of temperature and strain rate on estimating 

elastic modulus and Poisson’s ratio were not accounted in these literatures. 

Building from the comprehensive literature review, two cases were investigated in the 

current work. First, single crystal aluminum was simulated in MD under uniaxial loading 

using various many-body interatomic potentials at room temperature to investigate the 

accuracy of various interatomic potentials on estimating the mechanical properties. To 

validate these potentials, results were compared with available experimental data. Second, 

the most accurate potential from the initial study was used to simulate a nanocrystalline 

aluminum with various grain sizes at room temperature undergoing uniaxial tension. 

Furthermore, the simulation procedure was validated with published experimental results. 

Results showed good agreement to experimental data for both cases. The purpose of this 

thesis was to demonstrate the importance of the parameterization of the various many-body 

potentials in MD simulation based on the different applications for various materials. In 

addition, the mechanical properties, such as elastic modulus and Poisson’s ratio, for single 

crystal and nanocrystalline aluminum system were presented within the current work. 
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1.2. Thesis Overview and Purpose 

The overall purpose of this Master’s thesis was to investigate the accuracy of various 

many-body interatomic potentials on estimating elastic modulus and Poisson’s ratio in MD 

for single crystal aluminum and calculating the mechanical properties for nanocrystalline 

aluminum with different grain size using the most accurate potential. For this, a simulation 

box was deformed under uniaxial tensile loading at room temperature. Several types of 

potentials available, including EAM, Modified EAM (MEAM), and Reactive Force Field 

(ReaxFF) were used. As a result, stress-strain curves were obtained from the simulations. 

Within the linear region (ε = 2%) of the stress-strain curves, the elastic modulus and 

Poisson’s ratio were determined and compared with the experimental data.  

This thesis is a manuscript based on four chapters. 

Chapter 1 has an overall review of the previous literature related to the present study.  

Chapter 2 discusses the prediction of the most accurate many-body interatomic potential on 

estimating the mechanical properties of single crystal aluminum with crystal orientation <1 

0 0>. The brief descriptions of MD simulation and the parameterization of the various many-

body potentials are provided in this chapter. 

Chapter 3 focuses on the calculation of the mechanical properties of nanocrystalline 

aluminum with various grain sizes. Here, nanocrystalline aluminum is deformed under 

uniaxial loading using the most accurate interatomic potential identified within Chapter 2. 

In addition, the construction method of the nanocrystalline structure is described. 

Chapter 4 concludes the investigations and results from this study and provides directions 

for possible future studies. 
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2. Chapter 2: The effect of many-body potential type and 

parameterization on the accuracy of predicting mechanical properties 

of aluminum using molecular dynamics 

Abstract:  

As opposed to traditional laboratory testing, Molecular Dynamics (MD) offers an 

atomistic scale method to estimate the mechanical properties of metals. However, there is 

limited literature that shows the effect of interatomic potentials when determining 

mechanical properties. Hence, the present research was conducted to investigate the 

accuracy of various interatomic potentials in estimating mechanical properties of aluminum. 

Several types of potentials, including Embedded Atom Method (EAM), Modified EAM 

(MEAM) and Reactive Force Field (ReaxFF) were compared with available experimental data 

for pure aluminum to determine the most accurate interatomic potential. A uniaxial tensile 

test was performed at room temperature using MD simulations for nanoscale aluminum. 

Results demonstrated that those potentials parameterized with elastic constants at 

physically realizable temperatures were consistently more accurate. Overall, the Mishin et 

al. EAM potential was the most accurate when compared to single crystal experimental 

values. Regardless of the potential type, error was significantly higher for those potentials 

that did not consider elastic constants during development. In brief, the application of the 

interatomic potentials to estimate mechanical properties of a nanoscale aluminum was 

investigated. 
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2.1. Introduction 

Molecular dynamics (MD), a computational method mostly used in the field of theoretical 

physics and chemistry, has recently become a well-accepted approach in the area of material 

and medical science. For example, Schiotz et al. [1] have investigated the mechanical 

deformation of nanocrystalline copper using atomistic scale simulations. In addition, 

Komanduri et al. [2] have studied the mechanical properties of some single crystal cubic 

metals at the nanoscale. In the study, a nanoscale uniaxial tensile test was simulated for Face 

Centered Cubic (FCC) (Aluminum, Copper, and Nickel) and Body Centered Cubic (BCC) (Iron, 

Chromium, and Tungsten) metals to obtain the elastic modulus at a constant rate of loading 

using the Morse Potential. However, this study did not consider the effect of various potential 

types and did not compare to macroscale experimental results. In MD, the potential is 

required to determine the interatomic forces and accelerations between atoms; thus, 

allowing for realistic interactions between atoms and molecules during the simulation. 

Overall, there are several different types of many-body potentials. Depending on their 

purpose for development and specific parameterization, the potential being used may 

significantly affect simulation results. Recently, some studies [3]-[5] have tested mechanical 

properties using MD to investigate the accuracy of many-body potentials for iron, 

molybdenum, silicon, titanium, zirconium, and magnesium. However, there is little work 

testing the accuracy of various many-body potentials for FCC metals. Hence, the objective of 

the present study was to evaluate and compare accuracies amongst the various many-body 

potentials reflecting on their specific parameterizations in estimating the mechanical 

properties, elastic modulus, and Poisson ratio, of nanoscale FCC aluminum at room 
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temperature. Here, results are compared to experimental data [6] available for aluminum 

with crystal orientation <100>. 

2.2. Molecular Dynamics 

MD calculates the trajectories of atoms or molecules of a material using Newton’s 

equation of motion, shown in Equation (2-1).  

                          𝐹⃗ = 𝑚𝑎⃗                                                                                                  (2-1) 

Where 𝐹⃗ is the interatomic force between atoms or molecules, 𝑚 is a constant mass of 

atoms or molecules, and 𝑎⃗ is the attractive or repulsive acceleration of atoms with other 

atoms. With initial positions and velocities known, the interatomic potential is used to 

calculate interatomic acceleration that defines the forces between interacting particles. 

Finally, the updated positions and velocities are then predicted using Equation (2-1).  As 

such, potential type is a critical aspect of any simulation. The most commonly used many-

body potentials, Embedded Atom Model (EAM), Modified EAM (MEAM), and Reactive Force 

Field (ReaxFF) were considered in the current study. 

2.2.1. EAM and MEAM 

Daw and Baskes [7] proposed the EAM potential to calculate several ground state 

properties, such as lattice constant, elastic constants, sublimation energy, and vacancy 

formation energy which were a limitation of pairwise potentials. Here, the EAM potential 

assumes that the interatomic potential is a function of the positions of all atoms and 

molecules in the simulation box. However, the directional bonding of the metals is the 

limitation of the EAM potential. In the EAM potential [8], the total energy of a monoatomic 

system is calculated by using Equations (2-2) and (2-3). 
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𝐸𝑡𝑜𝑡 =  
1

2
∑ 𝑉(𝑟𝑖𝑗)𝑖𝑗 +  ∑ 𝐹(𝜌𝑖̅)𝑖                                                         (2-2) 

Here 𝑉(𝑟𝑖𝑗) is a pair potential as a function of the distance 𝑟𝑖𝑗 between atoms i and j, 

and F is the embedding energy as a function of the host density (𝜌𝑖̅) induced at site i by all 

other atoms in the system. The host density is, 

   𝜌𝑖̅ = ∑ 𝜌(𝑟𝑖𝑗)𝑗≠𝑖                                                                                (2-3) 

  Where, 𝜌(𝑟𝑖𝑗) being the atomic density function. 

 

In the present study, nine EAM potentials were used to predict an elastic modulus of 

single crystal aluminum. A discussion into the parameterization of the potentials is required 

to understand the accuracy of each potential. For the various many-body potentials utilized, 

parameterization and fitting varied with the different methods and sets of experimental data. 

For example, the Angelo et al. [9] EAM potential was fitted to study the effect of dislocations 

and grain boundaries on metal. In this study, data was trained to predict the defect energy 

because of trapped hydrogen in nickel and aluminum lattice. Next, the Liu et al. [10] EAM 

potential was parameterized using density functional theory to calculate improved stacking 

fault energy of aluminum. Generally, this potential was reliable to model crystal 

thermodynamics, and crystal defects. The Mendelev et al. [11] EAM potential was developed 

to reproduce melting properties and liquid structure of aluminum and copper. The Sturgeon 

et al. [12] EAM potential was the re-parameterization of the many-body potentials, which 

were generally optimized with respect to the mechanical properties where database was 

optimized at 0 K. The potential was used to calculate the melting temperature of aluminum. 

Here, the database was trained with experimental melting temperature without significantly 
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affecting the mechanical properties of aluminum. The Zhou et al. [13] EAM potential was 

developed to evaluate the lattice mismatch by calculating the formation of misfit-strain-

reducing dislocation structures in vapor-deposited CoFe/NiFe multilayers. The Zope et al. 

[14] potential was developed for pure aluminum (Al), pure titanium (Ti) and TiAl system. 

For aluminum, the database was trained for lattice constant, cohesive energy, elastic 

constants, vacancy formation energy, and linear thermal-expansion factors at high 

temperatures (293-1000 K). The Winey et al. [15] EAM potential was proposed to determine 

the thermo-elastic response of aluminum. Here, atomic volume and the second- and third-

order elastic constants measured at room temperature were extrapolated at 0 K using 

classical thermo-mechanical relations and then the interatomic potential is fitted to these 0 

K pseudo-values, which were thermodynamically consistent in simulation. Hence, this 

enabled prediction of the correct thermo-mechanical response at temperatures near room 

temperature and higher. The Mishin et al. [8] EAM potential was parameterized by 

comparing the ab initio structural energies to those predicted by the potential. This strategy 

allows for a strong accuracy of fitting within the intrinsic limitations of the potential model. 

This potential accurately predicted the elastic constants, vacancy formation and migration 

energies, stacking fault energies, and surface energies for aluminum. Lastly, Sheng et al. [16] 

proposed a highly optimized EAM potential for fourteen FCC elements by fitting the 

potential-energy surface (PES) of each element derived from high-precision first-principles 

calculations. This potential was fitted against a comprehensive list of properties including 

lattice dynamics, mechanical properties, thermal behaviour, defects, deformation paths, and 

liquid structures. 
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To overcome the directional bonding limitation of the EAM potential, Baskes [17] 

proposed a new many-body potential, Modified EAM (MEAM). While the mathematical 

formulation of MEAM is the same as Equation (2-2) and (2-3), the MEAM potential adds an 

angle-dependent term to the embedding energy. Hence, the MEAM potential is commonly 

used for FCC, BCC, and Hexagonal close packed (HCP) crystal structures. 

In this paper, three MEAM potentials were used to estimate the elastic modulus of 

single crystal aluminum. First, Dickel et al. [18] MEAM potential was proposed for zinc and 

various alloy system of Mg-Al-Zn. This potential was relaxed and trained for stable state, i.e.  

0 K and the results were compared with experimental and DFT data for pure zinc and binary 

and ternary systems of Mg-Al-Zn. Second, the Al-U_Pascuet MEAM potential was developed 

to describe an Aluminum-Uranium (Al-U) interatomic alloy [19]. Here, the potential was 

fitted for thermo-elastic properties and point defects for this alloy. Finally, the Al_Pascuet 

MEAM potential was developed for pure aluminum and fitted with a database that included 

point defect properties, and the FCC elastic constants, vacancy and interstitial migration [19]. 

Here, the database for this potential was fully relaxed and optimized for 0 K.  

 

2.2.2. ReaxFF 

More recently, the ReaxFF [20], [21] potential was developed to model the chemical 

reactions and formation and breaking of bonds. This potential is highly dependent on bond 

order (i.e., valence, torsional angles) and bond types of the materials. The fundamental 

concept of this potential is that the bond strength between two atoms is not constant but 

depends on the local environment. Hence, the total energy term in the ReaxFF description is 

shown in Equation (2-4) [22]. 
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       𝐸𝑠𝑦𝑠𝑡𝑒𝑚 =  𝐸𝑏𝑜𝑛𝑑 +  𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 +  𝐸𝑙𝑝 +  𝐸𝑣𝑎𝑙 +  𝐸𝑡𝑜𝑟𝑠  +  𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 +  𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏   (2-4) 

Where the total energy, 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 consists of the bond order dependent terms: the bond 

energy (𝐸𝑏𝑜𝑛𝑑), overcoordination (𝐸𝑜𝑣𝑒𝑟), undercoordination (𝐸𝑢𝑛𝑑𝑒𝑟), lone-pair ( 𝐸𝑙𝑝), 

valence angle (𝐸𝑣𝑎𝑙), and torsion angle (𝐸𝑡𝑜𝑟𝑠). It also consists of the bond order independent 

terms, i.e., van der Waals energy (𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 ) and Coulomb energy (𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏).  

In this current study, two ReaxFF potentials were tested. First, Russo Jr et al. [23] reactive 

potential was proposed to investigate the dynamics associated with the dissociation of 

absorbed water molecules on an aluminum nanocluster surface. The database for this 

potential was parameterized with Quantum Mechanics (QM) and experimental results. This 

potential was developed for the study of a reactive metal/water system. Similarly, the other 

ReaxFF potential used in the present study, Hong et al. [22], was developed to investigate 

carbon coating and its effect on the oxidation of aluminum nanoparticles. Similar to the 

previous ReaxFF potential, this potential was optimized with QM and experimental data. 

Both ReaxFF potentials were developed for the study of chemical interaction between 

different molecules. 

 

2.3. Materials and Methods 

Utilising various many-body potentials from National Institute of Standards and 

Technology (NIST) interatomic repository [24], [25], a uniaxial tensile test at room 

temperature was simulated for single crystal aluminium using Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) [26]. Similar work to the work by 

Morrissey et al. [3] on pure iron, a 40.06 × 40.06 × 40.06 (Å3) simulation box was first 

developed that contained 4000 atoms. The crystal orientation of the single crystal aluminum 
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was <1 0 0>, <0 1 0> and <0 0 1> in the x-, y- and z-directions, respectively. Here, loading 

was applied in the x-direction. Detailed input parameters for the simulation are provided in 

Table 2-1. For EAM and MEAM potentials, a time step for 1 Femtosecond (fs) was used. In 

contrast, the ReaxFF potential was trained for the different sets of units, hence the 

recommended time step for simulation was no larger than 0.5 fs [27]. Therefore, a time step 

of 0.25 fs was used for current study. 

Table 2-1: Input parameters for LAMMPS simulations 

 Potentials 

EAM MEAM ReaxFF 

Time step (fs) 1 1 0.25 

Total Simulation time (fs) 2000 2000 8000 

Strain rate (1/fs) 10-5 10-5 10-5 

Temperature damping factor 100 100 25 

Pressure damping factor 1000 1000 250 

 

For the equilibration, the simulation box was relaxed for 30 picoseconds by using a 

constant number, pressure, and temperature (NPT) ensemble to achieve the desired 

simulation temperature and density. During the equilibration, atoms fluctuated to attain the 

desired temperature by changing the simulation box dimensions as shown in Figure 2-1. 

After the system was equilibrated, the system was deformed uniaxially in the x-direction, 
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where the stress calculated was the negative pressure in the x-direction, calculated by 

Equation (2-5) below [28]. 

 

                           𝑃𝑖𝑗 =
∑ 𝑚𝑘𝑣𝑘𝑖𝑣𝑘𝑗

𝑁
𝑘

𝑉
+

∑ 𝑟𝑘𝑖𝑓𝑘𝑗
𝑁′

𝑘

𝑉
                                                                                        (2-5)  

 

where, i,j take the values of x, y, and z directions, k is the kth atom, N is the number of atoms 

in the system, 𝑚𝑘 is mass of the kth atom, 𝑣𝑘𝑖  is the x-direction instantaneous velocity of the 

kth atom, 𝑣𝑘𝑗  is the y-direction instantaneous velocity of the kth atom, 𝑉 is the system 

volume, 𝑟𝑘𝑖 is the instantaneous position vector of the kth atom, and 𝑓𝑘𝑗  is the total force 

acting on the kth atom [28]. 

 

The longitudinal strain was calculated as  

 

                    𝜀𝑥 = (Lx − Lx0) Lx0⁄                                                   (2-6)  

 

Where, the strain in loading direction is 𝜀𝑥 , Lx is the final length and Lx0 is the original 

length of the simulation box in x-direction. 

 

Similarly, the transverse strain was calculated as: 

 

                        𝜀𝑦 = (Ly − Ly0) Ly0⁄                                                  (2-7) 
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Where, the strain in transverse direction is 𝜀𝑦, Ly is the final length and Ly0 is the 

original length of the simulation box in y-direction. 

 

Hence, Poisson’s ratio (ν) in the present simulation was calculated using 

 

                                           𝜈 =  − 𝜀𝑦 𝜀𝑥⁄                           (2-8) 

 

 

 

 

                 (a)             (b)                         (c) 

Figure 2-1: Simulation procedure for aluminum. (a) Initialization of the simulation box (b) 

Simulation box size changed after equilibration to adjust the temperature (c) Simulation box 

during the uniaxial tensile test. Here,Lx0, Ly0 and Lz0 are the initialization length of the 

simulation box and Lx, Ly and Lz are the Equilibrated simulation box’s lengths. 
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2.4. Results and Discussions 

2.4.1. Effect of simulation box size 

Different simulation box sizes were investigated to study the effect of box size on elastic 

modulus for single crystal aluminum. It was shown that there is a negligible effect of 

simulation box on the prediction of elastic modulus, Figure 2-2. Hence, the present 

simulations are independent of the simulation box size for the range considered. This is 

expected due to the periodic boundary conditions used and because strains were sampled in 

the elastic region. 

 

Figure 2-2: Investigation of the effect of simulation box size in estimating elastic modulus of 

Aluminum in MD simulation at 300 K using Sheng et al. [16] EAM potential. 
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2.4.2. Effect of strain rate 

Similarly, strain rate is another important factor for tension tests. Therefore, the effect 

of various strain rates were compared in this study. Figure 2-3 shows that there is no effect 

of the strain rates while estimating elastic modulus for aluminum in MD tension test. Hence, 

the simulation and results are independent of the strain rates. This result agrees with the 

previous work of Yuan et al. [29] and Jensen et al. [30] who determined that the slope of the 

elastic region of a stress strain curve was independent of the strain rate considered. 

 

Figure 2-3: Investigation of the effect of strain rates in estimating elastic modulus of 

Aluminum in MD simulation at 300 K using Sheng et al. [16] EAM potential. 
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2.4.3. Elastic Modulus 

The uniaxial tensile test was simulated in MD to capture the stress-strain behaviour of 

single crystal aluminum to compare the predicted elastic modulus from various many-body 

potentials. Here, strain rates for all simulations was kept constant (Table 2-1). In addition, 

total strains were kept to 2% to ensure calculation of the elastic modulus was performed 

within the linear region of the stress-strain curve where Hooke’s law is applicable (Figures 

2-4 - 2-6). The experimental data [6] was calculated by using an ultrasonic pulse technique 

for single crystal aluminum with crystal orientation <1 0 0> for various temperatures (4 to 

300 K). A relation to be obtain the elastic modulus in various crystal orientations was 

provided by Zhang et al. [31]. This relation has been simplified to calculate the experimental 

elastic modulus for <1 0 0> crystal orientation in Equation 2-9 below. 

 

                                              E100 = 1 S11⁄                                                                                   (2-9) 

 

Where E100 is the elastic modulus for crystal orientation <1 0 0> and S11 is the elastic 

compliance for crystal orientation <1 0 0>. 

Hence, Table 2-2 provides the comparison among various many-body potentials with 

the experimental data [6] for single crystal aluminum with crystal orientation <1 0 0>. 

Results for potentials with an accuracy within 5% are bolded. 
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Table 2-2: Comparison of the accuracy of the various many-body potentials with test 

results on estimating the elastic modulus of a single crystal Aluminum at crystal orientation 

[1 0 0] 

Potentials name 

Elastic Modulus (GPa) 

Present Study    

Error relative to 
single crystal 

Aluminium     [1 0 0]                  
(E=63.55 GPa[6])  

  Angelo et al. [9] 32.92 -48.20% 

  Liu et al. [10] 88.22 38.82% 

  Mendelev et al. [11] 51.35 -19.20% 

EAM Sturgeon et al. [12] 39.09 -38.49% 

  Zhou et al. [13] 23.41 -63.16% 

  Zope et al. [14] 60.57 -4.69% 

  Winey et al. [15] 60.74 -4.42% 

  Mishin et al. [8]  64.14 0.93% 

  Sheng et al. [16] 65.41 2.93% 

  Dickel et al. [18] 58.89 -7.33% 

MEAM Al-U_Pascuet et al. [19] 57.64 -9.30% 

  Al_Pascuet et al. [19] 58.45 -8.03% 

  Russo Jr et al. [23] 98.37 54.79% 

ReaxFF Hong et al. [22] 40.57 -36.16% 
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2.4.3.1.  EAM 

In the present study, nine EAM potentials were used in estimating the elastic modulus 

of aluminum. Stress-strain curves for the EAM potentials are shown in Figure 4. In addition, 

the comparisons of the elastic modulus obtained from Figure 2-4 with experimental data are 

provided listed in Table 2-2. Predicted elastic modulus for EAM potentials was in the range 

of 23.41 to 88.22 GPa. Here, Liu et al. [10] over-predicted whereas Zhou et al. [13] under-

predicted the elastic modulus for single crystal aluminum. As mention in parameterization 

prior, the Liu et al. [10] EAM potential was trained for crystal thermodynamics and crystal 

defects whereas Zhou et al. [13] EAM potential was parameterized for the lattice mismatch 

of the system. Further, Mendelev et al. [11], Strugeon et al. [12] and Angelo et al. [9] EAM 

potential under-predicted elastic modulus of aluminum. As described prior, Mendelev et al. 

[11] and Strugeon et al. [12] EAM potentials were optimized to reproduce melting properties 

of aluminum while the Angelo et al. [9] EAM potential was trained for the calculation of defect 

energy of trapped hydrogen in aluminum lattice. None of the above potentials were 

parameterized for elastic constants at room temperature; thus leading to a lack of accuracy 

when compared to the experimental results [6]. Conversely, the Zope et al. [14], Winey et al. 

[15], Mishin et al. [8], and Sheng et al. [16] EAM potentials predicted a highly accurate elastic 

modulus, in the range of 60.5-65.4 GPa. From Figure 2-4, the stress-strain curves for these 

four potentials were very close and relative error when comparing with experimental data 

[6] was between 0.93-4.69%. The database for these four potentials were well trained for 

elastic constants for aluminum at room temperature. Hence, these potentials show excellent 

agreement in predicting elastic modulus when compared with experimental data [6]. Of 

these four, the Mishin et al. [8] potential was most accurate with 0.93% relative error. 
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However, the stresses estimated were significantly higher due to the length scale limitation 

of MD simulations, the present simulation was focused to calculate elastic modulus from the 

slope of the curve. 

 

Figure 2-4: Stress-strain curves for different EAM potentials at 300 K. 

 

2.4.3.2.  MEAM 

In current study, three MEAM potentials were used to estimate the elastic modulus of 

single crystal aluminum. From Table 2-2, the elastic modulus predicted using these 

potentials was in the range of 57-59 GPa. In addition, the stress-strain curve for these three 

potentials follow an almost identical trend (Figure 2-5). However, the potential specific 
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parameterizations can be used to shed light on the relative error. First, Dickel et al. [18] data 

was optimized at 0 K for pure zinc and an alloy system of Mg-Al-Zn. Therefore, no mention 

was made of pure aluminum and this potential thus under-predicted results when compared 

with experimental data [6] at room temperature. Similarly, Al-U_Pascuet et al.  and 

Al_Pascuet et al. MEAM potentials [19] were parameterized and optimized at 0 K. This 

temperature is not physically realizable and cannot be used to extrapolate to the room 

temperatures typically found in experimental tests. As such, all of the MEAM potentials 

under-predicted elastic modulus due to the lack of parameterization to elastic constants at 

realizable temperatures. 

 

Figure 2-5: Stress strain curves for different MEAM potentials at 300 K 
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2.4.3.3.  ReaxFF 

Lastly, two ReaxFF potentials were tested in this current research. As mentioned prior, 

both ReaxFF potentials, Russo Jr et al. [23] and Hong et al. [22], were optimized with QM and 

experimental data and no parameterisation was conducted with elastic properties of 

aluminum since the primary objective of these potentials were to investigate the chemical 

reaction between aluminum and other molecules. Hence, the estimation of elastic modulus 

for single crystal aluminum was not intended for these potentials and error was significant. 

 

Figure 2-6: Stress strain curves for different ReaxFF potentials at 300 K 
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2.4.3.4.  Importance of Potential Parameterization 

 As shown in the above review, depending on the potential used there is a wide range 

of predicted values for elastic modulus. Moreover, no one specific potentials type was 

necessarily more accurate. Instead, it is critical to interrogate the potential specific 

parameterization procedures prior to application. As demonstrated in the present study, 

those potentials parameterized with elastic constants at physically realizable temperatures 

consistently showed the highest accuracy as compared to experimental values. In each of 

these studies, elastic constants were obtained using a triaxial static method to apply stress. 

In other words, even though they were not directly tested for the uniaxial stress case, they 

still showed the highest accuracy. In contrast, those potentials that did not consider elastic 

constants or parameterized at 0K were consistently less accurate. 

 

2.4.4. Poisson’s Ratio 

After completing the analysis into the elastic modulus, an investigation into the 

Poisson’s ratio was completed to allow for complete material classification. Here, Poisson’s 

ratio was calculated for all fourteen interatomic potentials and a quantitative comparison 

was performed with test data [6]. A relation to be obtain the Poisson’s ratio in various crystal 

orientations for a cubic metal was provided by Zhang et al. [31]. This relation has been 

simplified to calculate the experimental Poisson’s ratio for <1 0 0> crystal orientation in 

Equation (2-10) below. 

 

 

                                      ν100 = S12 −S11⁄                                                                                  (2-10) 
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Where ν100 is the Poisson’s ratio for crystal orientation <1 0 0>, and S11 and S12 are the 

elastic compliance for crystal orientation <1 0 0>. 

 

Results are provided in Table 2-3. From Table 2-3, all fourteen interatomic potentials 

have relative error between 1% to 20%. Therefore, the range of error for Poisson’s ratio was 

much smaller than observed for the elastic modulus. This suggests that even if a potential is 

inaccurate in calculating an elastic modulus, it still may be able to capture the relative lateral 

deformations with reasonable accuracy. Among the fourteen interatomic potentials, those 

that were most accurate for elastic modulus also showed the highest accuracy in Poisson’s 

ratio. The Mishin et al. [8], and Sheng et al. [16], show good agreement [relative error = 1% 

- 5%] in estimating Poisson’s ratio with the test data. However, like for the prediction of 

elastic modulus, the Mishin et al. [8] potential was the most accurate for predicting Poisson’s 

ratio. 
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Table 2-3: Comparison of the accuracy of the various many-body potentials with test 

results on estimating the Poisson’s ratio of a single crystal Aluminum at crystal orientation 

[1 0 0] 

Potentials name 

Poisson’s Ratio 

Present Study    
Error relative to single crystal 

Aluminium     [1 0 0]                  
(ν=0.362) [6] 

  Angelo et al. [9] 0.292 -19.34% 

  Liu et al. [10] 0.334 -7.73% 

  Mendelev et al. [11] 0.339 -6.35% 

EAM Sturgeon et al. [12] 0.386 6.63% 

  Zhou et al. [13] 0.387 6.91% 

  Zope et al. [14] 0.33 -8.84% 

  Winey et al. [15] 0.327 -9.67% 

  Mishin et al. [8]  0.369 1.93% 

  Sheng et al. [16] 0.345 -4.70% 

  Dickel et al. [18] 0.354 -2.21% 

MEAM Al-U_Pascuet et al. [19] 0.309 -14.64% 

  Al_Pascuet et al. [19] 0.349 -3.59% 

  Russo Jr et al. [23] 0.327 -9.67% 

ReaxFF Hong et al. [22] 0.407 12.43% 
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2.5. Conclusion 

 

In the present study, a uniaxial tensile test using molecular dynamics simulation was 

performed at room temperature to estimate the elastic modulus and Poisson’s ratio for 

single crystal aluminum. The results were compared with experimental test data to 

investigate the ability of various many-body potentials to evaluate accurate elastic modulus 

and Poisson’s ratio. In total, fourteen interatomic potentials were tested. It was 

demonstrated that parameterization of the potential highly influenced the prediction of both 

elastic modulus and Poisson’s ratio. Potentials fitted and parameterized for elastic constants 

at room temperature demonstrated the highest accuracy, while potentials which lacked 

these parameterizations were less accurate. The most accurate potentials tested was the 

EAM Mishin et al. potential with an error less than 1%. Future work will extend these 

findings beyond single element/single crystal systems to binary systems and nanocrystalline 

structures. As such, the most accurate potentials for investigating the elastic modulus and 

Poisson’s ratio of single crystal aluminum are provided within the present study. 
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3. Chapter 3: Mechanical Properties of Nanocrystalline Aluminum: A 

Molecular Dynamics Investigation 

Abstract:  

Uniaxial deformation was performed using molecular dynamics to estimate the 

mechanical properties of nanocrystalline aluminum. It was observed that the stacking faults 

and sliding of the grain boundaries affected the mechanical properties. In addition, 

nucleation of atoms near grain boundaries during deformation hardened the nanocrystalline 

material as the grain diameter increased (Hall-Petch relation). Further, the effects of strain 

rate and temperature were investigated with various mean grain diameters. Investigation 

showed that mechanical properties are independent of strain rates (109-1010 s-1) and that 

the nanocrystalline material softened with increasing temperature. The elastic modulus and 

Poisson’s ratio were then compared to experimental results from literature at room 

temperature.  

3.1. Introduction 

In recent years, engineers and researchers are highly interested in understanding the 

mechanical behavior of nanocrystalline materials due to their potential industrial 

applications. Suryanarayana [2] discussed the importance of nanocrystalline materials in 

real world applications, providing a comprehensive review of structural and mechanical 

properties of various nanocrystalline materials. In addition, the author highlighted the 

applications of nanocrystalline materials in industries such as high-efficiency gas turbines, 

aerospace, and automotive components, where aluminum is a major constituent of many of 

these structures. Due to the difficulty and costs associated with producing nanocrystalline 
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materials, a more efficient method of analysis is required. As a result, many researchers are 

utilizing Molecular Dynamics (MD) simulations to study such materials. 

Schiotz et al. [1] performed a uniaxial tensile test in atomistic-scale simulations using 

the Effective Medium Theory (EMT) potential [3] for a nanocrystalline copper and 

investigated the elastic and plastic behavior. They considered the effect of various strain 

rates and temperatures on the stress-strain response. Findings demonstrated that the sliding 

of grain boundaries in the simulation box affected the elastic and plastic deformation of the 

nanocrystalline copper. The study concluded that this phenomenon affected the elastic 

modulus since modulus was under-predicted when compared with experimental data for 

polycrystalline copper. Schiotz also observed a reverse Hall-Petch relationship – hardness 

increased with increasing grain size. Building on these findings, Schiotz et al. [4] briefly 

described the softening of a nanocrystalline metal at various grain size at room temperature 

while comparing with bulk copper.  

Similar work has been performed on other materials, such as aluminum. For example, 

Xu et al. [5] carried out classical MD simulations of the uniaxial tensile deformation of 

nanocrystalline aluminum with various grain sizes using the Mishin et al. [6] Embedded 

Atom Method (EAM) potential at a strain rate of 1010 per second. The atomic fraction of 

dislocations and reverse Hall-Petch relation were investigated. However, the effect of strain 

rate on mechanical properties was not studied. In addition, there were not any clear 

comparisons of elastic modulus and Poisson’s ratio with experimental data. Likewise, Kadau 

et al. [7] performed tensile loading of nanocrystalline aluminum in large-scale molecular 

dynamics simulation using an EAM potential. Two different sample preparation methods 
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were compared, namely the Voronoi construction and sintered method. Kadau et al. 

described similar trends for the reverse Hall-Petch relation on nanocrystalline aluminum to 

those observed by Schiotz et al. [1] for nanocrystalline copper. However, Kadau et al. did not 

investigate the elastic modulus and Poisson’s ratio, nor did they investigate the effect of 

temperature and strain rate.  

As discussed, previous studies have investigated the mechanical deformation of 

nanocrystalline aluminum. However, these studies did not consider the elastic modulus or 

Poisson’s ratio. They also did not investigate the effect of strain rate or temperature on these 

properties. As well, the studies lack comparisons to experimental results in order to validate 

findings. Therefore, to close this knowledge gap, the current study investigated the effect of 

strain rate, grain size, and temperature on predicting elastic modulus and Poisson’s ratio of 

nanocrystalline aluminum. To verify to the accuracy of the findings, results were then 

compared to experimental data from literature ([16] and [26]) for nano-crystalline 

aluminum. 

3.2.  Molecular Dynamics 

MD involves simulating the interactions of atoms and molecules to predict material 

properties via atomic velocities and acceleration. Here, the interatomic acceleration is 

determined using a potential, which describes the interatomic force based on the initial 

atomic positions. Using this acceleration, the final velocities and positons of the interacting 

atoms are determined. In the present study, the most commonly used many-body potential, 

Mishin et al. [6] EAM potential, is considered. 
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3.2.1. Mishin et al. EAM potential 

 

In the present study, the Mishin et al. EAM potential was used to predict an elastic 

modulus of nanocrystalline aluminum. The EAM potential is a function of the positions of the 

interacting particles. Since this potential was developed with a single fitting procedure, it is 

less complicated and a better option for uniformly bonded materials, such as aluminum [9]. 

For the formulation of the EAM potential [6], Equations (3-1) and (3-2) are used to calculate 

the total energy of a monoatomic system. 

𝐸𝑡𝑜𝑡 =  
1

2
∑ 𝑉(𝑟𝑖𝑗)𝑖𝑗 +  ∑ 𝐹(𝜌𝑖̅)𝑖                                                                                     (3-1) 

Here 𝑉(𝑟𝑖𝑗) is a pair potential as a function of the distance 𝑟𝑖𝑗 between atoms, i and j, and F is 

the embedding energy as a function of the host density (𝜌𝑖̅) induced at site i by all other 

atoms in the system. The host density is, 

   𝜌𝑖̅ = ∑ 𝜌(𝑟𝑖𝑗)𝑗≠𝑖                                                                                                             (3-2) 

 where, 𝜌(𝑟𝑖𝑗) being the atomic density function. 

 

During development, the Mishin et al. potential was parameterized to accurately predict the 

elastic constants, vacancy formation, migration energies, stacking fault energies, and surface 

energies for aluminum. Previous research has demonstrated that the interatomic potential 

can significantly affect the predicted elastic modulus in uniaxial tension tests [21-24]. In an 

assessment of available potential for aluminum, Subedi et al. [24] demonstrated that the 

Mishin potential had the highest accuracy of potentials tested when predicting single crystal 
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aluminum elastic modulus at 300K. Therefore, this potential was chosen for the 

nanocrystalline simulations.  

3.2.2. Construction of simulation box 

Utilizing the open-source code, Atomsk [10], a nanocrystalline aluminum structure 

was constructed with randomly oriented grains. The structure was produced using Voronoi 

Construction [7, 11-14]. In Voronoi Construction [7], grain centers are randomly distributed 

and each center is assigned a lattice orientation. Next, grain boundaries are created around 

these grain centers in random fashion. Afterwards, using an FCC unit cell of aluminum as a 

seed, atoms are added to each grain according to the grain’s lattice orientation. Periodic 

boundary conditions were considered during construction of the computational cell. Here, 

the grains were equiaxed and divided by narrow grain boundaries. Three different randomly 

oriented structures for each mean grain diameter were utilized in the current study to obtain 

average properties.  

3.3. Numerical Procedure 

In the present study, the Mishin et al. [6] EAM potential was obtained from National 

Institute of Standards and Technology (NIST) interatomic repository [17-18]. Using this 

potential, a uniaxial tensile test was simulated for nanocrystalline aluminum using Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [19] at various 

temperatures (50K-500K). A 200 × 200 × 200 (Å3) simulation box was constructed using 

Voronoi Construction with different grain sizes ranging from 4.29 to 13.82 nm. Table 3-1 

shows the number of randomly oriented grains in the simulation box and their 

corresponding grain diameters. Here, the simulation box contained approximately 500,000 
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atoms, which were oriented in different crystal structures, i.e. FCC, BCC, HCP and others. The 

grain boundaries included BCC, HCP and other crystal structures and the atoms inside the 

grain boundary were FCC structured as shown in Figure 3-1.  

 

 

 

(a) (b) 

Figure 3-1: The equilibrated simulation box for a nanocrystalline Aluminum at 300 K (a) at 

initial, and (b) after 10% strain. The system contains 500,000 atoms arranged in 48 grains 

with an average grain diameter 6.91 nm. Green colored atoms are in perfect FCC structure, 

Red atoms are in HCP structure and Blue atoms are other structured atoms. Black circles 

show the nucleation of atoms near grain boundaries and black rectangles show the 

formation of dislocations in the system. 
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Table 3-1: Mean grain diameter for the respective number of grains in the simulation box. 

Number of grains 
Mean Grain diameter 

(nm) 

6 13.82 

12 10.97 

48 6.91 

100 5.41 

200 4.29 

 

During equilibration, the NPT ensemble was used to allow the simulation box to attain 

the desired temperature. In the NPT ensemble [19], Nose/Hoover temperature thermostat 

and Nose/Hoover pressure barostats are used to create a system trajectory consistent with 

the isothermal-isobaric ensemble. After equilibration, the simulation box was deformed to 

10% of the total length in the x-direction. Table 3-2 provides the input parameters for the 

numerical simulation for various strain rates.  
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Table 3-2: Parameters used for simulations 

 EAM Potential 

Time step (fs) 1 

Total Simulation time (fs) 104-105 

Strain rate (1/s) 109-1010 

Temperature damping factor 100 

Pressure damping factor 1000 

 

Stresses were calculated using virial stress tensor that is calculated, using Equation 

(3-3), as described by Thompson et al. [20]. This has been shown to be equivalent to 

macroscale continuum stress [27]. 

                           𝑃𝑖𝑗 =
∑ 𝑚𝑘𝑣𝑘𝑖𝑣𝑘𝑗

𝑁
𝑘

𝑉
+

∑ 𝑟𝑘𝑖𝑓𝑘𝑗
𝑁′

𝑘

𝑉
                                                                                        (3-3)  

where, i, j take the values of x, y, and z directions, k is the kth atom, N is the number of atoms 

in the system, 𝑚𝑘 is a mass of the kth atom, 𝑣𝑘𝑖  is the x-direction instantaneous velocity of 

the kth atom, 𝑣𝑘𝑗  is the y-direction instantaneous velocity of the kth atom, 𝑉 is the system 

volume, 𝑟𝑘𝑖 is the instantaneous position vector of the kth atom, and 𝑓𝑘𝑗  is the total force 

acting on the kth atom [20].  

As the simulation box was deformed in the x-axis, the longitudinal strain and the 

transverse strain were calculated using Equations (3-4) and (3-5), respectively.  
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            𝜀𝑥 = (Lx − Lx0) Lx0⁄                                                   (3-4)  

 

                        𝜀𝑦 = (Ly − Ly0) Ly0⁄                                                  (3-5) 

 

where the strain in loading direction is 𝜀𝑥 , Lx is the final length, and Lx0 is the original length 

of the simulation box in x-direction. Similarly, for the y-direction, the strain in transverse 

direction is 𝜀𝑦, Ly is the final length, and Ly0 is the original length of the simulation box in y-

direction. 

Using Equations (3-4) and (3-5), Poisson’s ratio (ν) for the simulation box was 

calculated using Equation (3-6). 

                            𝜈 =  − 𝜀𝑦 𝜀𝑥⁄                            (3-6) 

The validation of the numerical procedure is shown in Appendix 1. 

 

3.4. Results and Discussions  

 

3.4.1. Effect of strain rate on estimating mechanical properties 

To investigate the effect of strain rate, the mean grain size and temperature were held 

constant. A mean grain size of 6.91 nm was investigated at 300K. Similar to the work of 

Schiotz et al [1], various strain rates ranging from 109 to 1010 s-1 were used to deform a 

nanocrystalline aluminum structure. The dependence of mechanical properties on strain 

rate is shown in Figures 3-2 and 3-3. From the stress-strain curves, the elastic moduli were 

determined within the linear region (ε = 2%). The elastic modulus obtained in this 

investigation ranged from 48.65 to 53.65 GPa. For the strain rates used in the current study, 
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the difference in elastic modulus is minimal as shown in Figure 3-2. Poisson’s ratio was also 

investigated for various strain rates and plotted in Figure 3-3. The Poisson’s ratio curve 

follows a similar trend as elastic moduli curve. Similar to the work of Xu et al. [5] who also 

simulated nanocrystalline aluminum, a strain rate of 1010 s-1 was chosen in the current study 

to reduce the computational demand of the simulations.  

 

Figure 3-2: Effect of strain rates on elastic modulus for a nanocrystalline aluminum with 

average grain boundary 6.91 nm at 300K. 
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Figure 3-3: Effect of strain rates on Poisson’s ratio for a nanocrystalline aluminum with 

average grain boundary 6.91 nm at 300K. 

3.4.2. Effect of grain size on estimating mechanical properties  

With the strain rate chosen, the next step was to investigate the effect of grain size on 

estimating the mechanical properties. While significant literature exists to describe the 

microstructure of nanocrystalline aluminum, few literatures include the associated 

mechanical properties. One study of interest by Haque et al. [16] performed an experimental 

uniaxial tensile test for a nanocrystalline aluminum with the grain size 11.1 nm. The results 

obtained from the current study were compared with the experimental data from Haque et 
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in Table 3-3. Here, the relative error for single crystal aluminum to the experimental results 

is 0.93% whereas for a nanocrystalline aluminum with mean grain size 11.1 nm the relative 

error is 4.45%. Hence, the authors are confident in the prediction of mechanical properties 

of nanocrystalline aluminum utilizing MD paired with the Mishin et al. potential. 

Table 3-3: Comparison of the elastic modulus obtained from molecular simulation with 

experimental results 

 

Aluminum system 

Elastic Modulus (GPa) Error relative to the 

experimental 

results 

Current 

Simulation 

Experimental 

data 

Single Crystal 64.14 63.55 [26] 0.93% 

Nanocrystalline  

(grain diameter = 11.1 nm) 

57.5 ± 0.32 60.2 [16] 4.45% 

 

Furthermore, an analysis was performed to investigate the effect of various grain 

sizes on mechanical properties, similar to the work of Schiotz et al. [1]. A nanocrystalline 

aluminum structure with various mean grain diameters (4.29 to 13.82 nm) was simulated at 

a finite temperature (300K). The stress-strain curve is shown in Figure 3-4. It is observed 

that the plastic region is strongly dependent on the mean grain diameter, with the yield and 

ultimate strength increasing with increasing diameter i.e. the reverse Hall-Petch relation. 
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Figure 3-4: Stress-strain curves for nanocrystalline Aluminum with various grain numbers 

at 300K; the error bars indicate the uncertainty of the average (1σ). 

From the stress-strain curves, the elastic moduli were determined within the linear 

region (ε = 2%). Elastic modulus ranged from 45.16 to 59.73 GPa at 300K. As well, it is 

evident that elastic modulus decreases with decreasing mean grain diameter as observed in 

previous research [1]. As the grain size decreases, there becomes a significantly higher 

portion of grain boundary atoms as compared to bulk FCC atoms. These grain boundary 

atoms have different structure and properties, which lead to a decrease in the overall elastic 

modulus [28].  

Further, the yield stress is calculated using the 0.02% offset. The yield stresses are over-

estimated compared to typical values of yield stress for macroscale aluminum, as shown in 

Figure 8. This result is typical of MD simulations due to the length scale limitations as the 
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proper sampling of defects such as vacancies, impurities, and dislocations cannot be 

investigated as what is observed in the macroscale structure [25].  In addition, Figure 3-5 

and 3-6 show the reverse Hall-Petch relation for a nanocrystalline aluminum, i.e. a softening 

of the material as the grain size is reduced. These findings are supported by the work of 

Schiotz et al. [1] and Xu et al. [5] who also observed a reverse Hall-Petch relationship for 

nanocrystalline copper and aluminum, respectively. In addition to elastic modulus and yield 

stress, Poisson’s ratio was also investigated for various grain sizes. From Figure 3-7, it is 

observed that the effect of grain sizes on Poisson’s ratio was similar to the results in 

literature [8], in that the effect of grain size on Poisson’s ratio is negligible. 

 

Figure 3-5: Elastic modulus for nanocrystalline Aluminum with various grain diameters at 

300K. 

0

10

20

30

40

50

60

70

0 5 10 15

E
la

st
ic

 M
o

d
u

lu
s 

(G
P

a)

Grain diameter (nm)



 

60 
 

 

Figure 3-6: Estimation of yield stress for nanocrystalline Aluminum with different grain 

diameters at 300K.  

 

Figure 3-7: Poisson’s ratio for nanocrystalline Aluminum with various grain diameters at 

300K. 
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3.4.3. Effect of temperature on estimating mechanical properties 

After investigating the effect of strain rate and grain size, the effect of various 

temperatures on the mechanical behavior of nanocrystalline aluminum with a constant 

mean grain diameter of 6.91nm was investigated. The stress-strain response over the 

10% deformation for each temperature was determined, shown in Figure 3-8. It is 

observed that the mechanical properties decrease with increasing temperature. Hence, 

softening of the materials occurs due to increasing temperature. Due to the small system 

size, there exists small standard deviations in the stress-strain curve. This can be 

attributed to the nucleation of dislocations [1, 3].  

 

Figure 3-8: Effect of temperature on the stress-strain curve for a nanocrystalline aluminum 

with average grain boundary 6.91 nm; the error bars indicate the uncertainty of the average 

(1σ). 
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The elastic modulus and Poisson’s ratio were obtained from the stress-strain curve 

for various mean grain sizes at different temperatures (50K-500K). From Figure 3-9, the 

curves follow a similar trend for the various temperatures. However, the value of elastic 

modulus decreases with increasing temperature, i.e. material softens as temperature 

increases. Also, the elastic modulus increases with increasing mean grain diameter. Hence, 

more grain boundaries leads to softer materials, which is the reverse Hall-Petch relation. As 

well, Poisson’s ratio was estimated and shown in Figure 3-10. The effect of temperature on 

Poisson’s ratio is minimal, similar to the findings in literature [7].  

 

Figure 3-9: Effect of temperature on estimating elastic modulus for a nanocrystalline 

aluminum with various grain diameter. 
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Figure 3-10: Effect of temperature on determining Poisson’s ratio for a nanocrystalline 

aluminum with different grain diameter. 

3.4.4. Crystal Structure  

At the atomistic level, the crystal structure changes with the various grain size and 

strain for a nanocrystalline material. Figure 3-1 shows the change of the structure for initial 
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boundaries grow in the system, as highlighted in Figure 3-1, which is also the path for 
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changes from almost entirely FCC to a mixture of FCC and other structures indicating the 

increase of faults and dislocations within the system. It can also be seen that there is minimal 

effect of temperature to influence the development of these various different atom structures 

in the system throughout deformation.  

 

Figure 3-11: Structural changes as a function of the strain, for simulation at 50K, 300K and 

500K for grain size 6.91 nm. 
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atoms are atoms within the grains. Hence, the grain boundaries themselves are a type of fault 

in the system. As the mean grain diameter increased, the fraction of FCC atoms in the system 

increased whereas the fraction of HCP and other structured atoms decreased. This is 

expected since, as grains become bigger, more FCC atoms are required to fill each grain. As 

well, as grains become bigger there are less grain boundaries present in the simulation cell, 

hence the proportion of FCC structure atoms increases. After deforming the system by 10% 

strain at 300K, the FCC structure decreased by about 8.0% from the initial structure at all 

grain sizes. This decrease in FCC structure leads to an increase in HCP and Other structures 

by about 6.2% and 1.8%, respectively. From Figures 3-11 and 3-12, it is clear that the HCP 

atoms (stacking faults) increased due to the movement of dislocations throughout the grains. 

As well, it is clear that Other structured atoms increased due to the increase of atoms near 

grain boundaries during deformation. These effects on HCP and Other structured atoms are 

shown in Figure 3-13. 
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Figure 3-12: Comparison of the fraction of atoms in a given local crystal structure as a 

function of the grain diameter for initial condition before deformation (open circle) and after 

deformation (open square) by 10% for simulation at 300K. 
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(a) (b) 

Figure 3-13: System (a) at initial, and (b) after deformation showing the change of structure 

with the increment of HCP and other structured atoms as decrease in FCC atoms. Green 

colored atoms are in perfect FCC structure, Red atoms are in HCP structure and Blue atoms 

are Other structures atoms structure. 

 

3.5. Conclusions 

Researchers in the field of material science are utilizing MD simulations more 

frequently to study the mechanical behaviors of materials. In the present study, a uniaxial 

tensile test using MD simulation was performed to estimate the mechanical properties of a 

nanocrystalline aluminum with various nano-sized grains (4.29 to 13.82 nm). Mechanical 

properties such as elastic modulus, Poisson’s ratio, and yield stress were determined.  
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For various mean grain diameters, the elastic modulus ranged from 45.16 to 59.73 

GPa at 300K. It is observed that the atoms fraction for the grain boundary atoms as compared 

to bulk FCC atoms increases with decreasing grain size. These grain boundary atoms have 

different structures and properties than atoms within grains, leading to a decrease in the 

overall elastic modulus. Due to the length scale limitations of MD simulations, the yield 

stresses were over-estimated in the present study, similar to other MD works. Both elastic 

modulus and yield stress increased with increasing grain diameter, which followed the 

reverse Hall-Petch relationship of the material. In addition, the Poisson’s ratio predicted 

showed minimal deviation from the experimental data due to changes in mean grain 

diameter.  

Next, the effect of strain rate and temperature on estimating mechanical properties 

was investigated. Results showed the mechanical properties are independent of strain rates 

used in the present study. Various temperatures were studied to analyze the behavior of the 

system. It was shown that the systems became softer with increasing temperature. Since the 

system was in atomistic-scale, small standard deviations of the stress at higher values of 

strain were observed. In addition, the change in the crystal structure due to the deformation 

in the various grain sizes was investigated to conclude the effect of crystal orientation on the 

mechanical behavior of nanocrystalline materials. Results showed that the FCC structure 

decrease by around 8.0% compared to the initial structure, which indicates a growth in HCP 

atoms and other structures by approximately 6.2% and 1.8%, respectively.  
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4. Chapter 4: Conclusion and Future work 

4.1. Conclusion: 

In recent years, MD is becoming a reliable tool to engineers and scientists to understand the 

chemical and mechanical behavior of materials. This thesis focuses on the study of 

mechanical deformation of single crystal and nanocrystalline aluminum. In addition, the 

various many-body interatomic potentials were tested for their accuracy in predicting 

mechanical property for the single crystal aluminum. Elastic modulus and Poisson’s ratio 

were calculated and compared with available experimental data.  

In Chapter 2, the author has used fourteen various interatomic potentials to simulate 

uniaxial tension tests at the atomistic level at room temperature. It was shown that the 

various parameterizations of the potentials profoundly influenced the prediction of elastic 

modulus and Poisson’s ratio. The interatomic potentials that were parameterized with 

elastic constants at room temperature were the most accurate. Whereas the other potentials 

either under or over predicted the results. Out of the fourteen available potentials, the Mishin 

et al. EAM potential showed the highest accuracy with an error less than 1%. 

 In Chapter 3, the author has used the most accurate potential from Chapter 2 to 

simulate uniaxial tension in MD for nanocrystalline aluminum with various grain sizes (4.29 

to 13.82 nm). The results were compared with available experimental data to validate the 

simulation. It was shown that as grain size decreased, the proportion of atoms within grain 

boundaries increased compared to bulk FCC atoms. The atoms within grain boundaries have 

different structures and properties, thus a decrease in the elastic modulus with decrease in 

grain size was observed. As such, the reverse Hall-Petch relationship was investigated. 
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Furthermore, the effect of strain rate and temperature on nanocrystalline aluminum was 

investigated. It was shown that the FCC structure decreased by approximately 8.0% 

compared to the initial structure, which indicated a growth in HCP atoms and other 

structures by approximately 6.2% and 1.8%, respectively. 

4.2. Future Work: 

 The author proposed different future works, which are listed below. 

• Investigation of mechanical properties for aluminum alloys. 

• Effect of porosity and defects on estimating mechanical properties of aluminum.  

• Study of the change in the structural and mechanical behavior of aluminum due to 

corrosion. 
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Appendix A: 
 

Validation of Numerical Procedure 

 

Prior to studying nanocrystalline aluminum, the numerical simulation procedure was 

validated with available literature [1] for a nanocrystalline copper with a mean grain 

diameter of 5.21 nm at 300K. The following steps were performed to validate the numerical 

procedure 

 

o Nanocrystalline copper was created utilizing atomsk [2] with mean grain diameter 

5.21 nm. 

o Then, the sample was deformed under uniaxial loading in MD simulation using EMT 

potential utilizing LAMMPS.  

o Results from five randomly oriented nanocrystalline copper were averaged to obtain 

the stress-strain curve as shown in Figure A. 

 

From Figure A, it was observed that the numerical procedure utilized in the current 

study successfully captured the trend from literature. As such, the authors are confident in 

applying the numerical procedure to various nanocrystalline materials.  
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Figure A: Validation of the Simulation method with the published research [1] for 

nanocrystalline Copper for an average grain diameter of 5.21 nm at 300K. The stress-

strain curve at strain rate of 5 × 108 s-1 for an average of five simulations with 100,000 

atoms compared with literature [1]. 
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