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Abstract 

To improve the mechanical properties of metal nanowires, alloying is believed to 

be an effective pathway by adding solute atoms into the host matrix during the 

fabrication process. In this project, the alloying effects on the mechanical properties 

and yield mechanisms of metal nanowires have been studied by atomistic simulations. 

The chemical complexity influence on the softening phenomenon has also been 

investigated through different alloy systems. The results reveal that softening effects 

on yield strength can be widely observed in alloy nanowires. The underlying softening 

sources have been discussed and two major mechanisms have been found: the alloying-

induced reduction in stacking fault energy and the increase in atomic size misfit. The 

weight of two mechanisms on solid solution softening depends on the variation of 

stacking fault energy and atomic size misfit degree caused by changing the solute 

concentration, which provides new perspectives to design novel single crystalline metal 

nanowires. 
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Chapter Ⅰ Introduction, motivation, and outline of thesis 

1.1 Introduction 

Nowadays, the invention and development of cutting-edge engineering and technologies 

are highly dependent on the innovation of materials. Inspired by the great statement “there is 

plenty of room at the bottom”, which was presented by Dr. Richard P. Feynman in 1959 [1], 

researchers have paid dramatic attention to discover, investigate and develop the so-called 

nanoscience and nanotechnology in the past decades, which are believed to be the vigorous 

driving force for the development of various technologies such as food science and agriculture 

[2], [3], energies [4], [5], and medical science [6]. 

One of the most important branches of nanotechnologies is one-dimensional (1-D) 

materials. Those with at least two of their three dimensions less than 100 nm are defined as 1-

D structures [7], [8], such as nanopillars, nanoparticles, and nanowires etc. which have been 

extensively studied due to the outstanding mechanical, magnetic, and electronic properties with 

respect to the high aspect ratio. In recent years, metal nanowires (MNWs), a crucial 1-D 

nanostructure, reveal great interests from materials scientists. The perfect electrical and thermal 

conducting behaviors of MNWs open up comprehensive applications in various fields. 

Nevertheless, the mechanical properties may have profound influences on their applications. 

For instance, in some scenarios, higher strength and stiffness of the materials are preferred, 

while in some other conditions, better elastic property is essential for the proper applications, 

which leaves us with a critical target of today’s physical metallurgy, that is to improve the 
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properties by means of alloying. 

1.2 Motivation 

In the history of materials, researchers are always diligently focusing on searching for 

materials with higher strength by manipulating the microstructures, composition, and sizes of 

the materials. For instance, to realize the dream of going to space by a “space elevator”, the US 

National Aeronautics and Space Administration (NASA) started a so-called “space tether 

challenge” in 2005 [9]. The aimed materials should have super high strength and be relatively 

light in weight. To fulfill this purpose, carbon fibers [10] and polymeric fibers [11] were 

developed, but none of them could meet the demands. Until 2018, Bai et. al [12] fabricated 

carbon nanotube bundles with ultra-high strength up to 80 GPa. However, there still has a long 

way to go in practice. 

Alloying, to some extent, is believed to be the classic pathway to improve the mechanical 

properties of metal materials, especially in yield strength. By adding solute atoms into the host 

matrix, higher strength is usually expected to be obtained, which is defined as “solid solution 

hardening” or “solid solution strengthening” [13]. Sometimes, alloying can also facilitate the 

materials to behave more anti-corrosion, higher electrical and thermal conductivities. 

Nevertheless, we need the materials to perform with higher toughness but proper strength to 

avoid fatigue fractures caused by periodic load. For this scenario, alloying can also provide a 

reliable solution by slightly reducing the strength but improving the toughness of the material. 

This phenomenon can be described as “solid solution softening”, which is opposite to the 

strengthening effect aforementioned. 
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For 1-D materials, such as nanopillars, nanoparticles as well as nanowires, alloying is also 

a potential method to improve their thermal stability and mechanical properties. For MNWs, 

the addition of solute atoms may induce different mechanical behaviors compared to 

conventional bulk materials. However, there is little literature regarding the alloying effects on 

MNWs, especially the softening effect. Thus, atomistic simulations are employed to investigate 

the softening effects induced by alloying of various MNWs, and the underlying mechanisms 

of the softening phenomena. 

1.3 Outline of the thesis 

In Chapter Ⅱ, a brief history, fabrication methods, and applications will be firstly 

introduced. Then, the mechanical properties of MNWs will be reviewed based on the previous 

literatures. In particular, the yield and deformation mechanisms will be highlighted. Finally, 

the alloy effects on the mechanical properties of metal materials in nano-scale will be reviewed. 

The strengthening and softening effects and their mechanisms will be outlined in this chapter 

as well. 

The atomistic simulation methods will be introduced in Chapter Ⅲ. It demonstrates the 

basic theory and tools of molecular dynamics (MD) simulations, which are employed in this 

project. The atomic force evaluation methods which are used in this project are also briefly 

introduced in this chapter. Then, it illustrates the computational details of how to perform the 

uniaxial tensile tests of different alloy MNWs via MD simulations. To understand the solute 

distribution effects on the results, Monte Carlo (MC) simulations are also employed which are 

hybrid with MD processes. The planar fault energy calculations are also elaborated in this 
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section. 

The simulation results and discussions are shown in Chapter Ⅳ. All the uniaxial tensile 

results are illustrated in this section, combined with the comparison of solute distribution 

effects, temperature effects, and size effects on the softening phenomena, followed by the 

discussions and analyses of softening effects induced by alloying in single crystalline MNWs.  

Key conclusions of the atomistic studies are summarized at the end of the thesis, Chapter 

Ⅴ. Shortcomings of present work are illustrated and following with future work expectation. 
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Chapter Ⅱ Research background 

2.1 Introduction of MNWs 

2.1.1 Brief history of MNWs 

Nanowire (NW), similar to other 1-D materials in nano-scale, is generally defined as a 

wire-like structure with a diameter no more than 100 nm, and unconstrained in length, which 

determines the ultra-high length-diameter ratio. A quasi-nanowire was firstly developed by the 

scientists at the famous Bell laboratories in 1987 [14]. Then, the Belgium engineer Jean-Pierre 

Colinge developed and described the silicon-on-insulator (SOI) technology in 1991, when a 

more refined nanowire was introduced [15]. Since then, scientists have shown great interest in 

fabrication, development, and applications of NWs. 

When the size of the material is reduced to nano-scale, the properties are expected to be 

dramatically different from the bulk ones, which can be attributed to the so-called quantum 

confinement effect. It describes the energy levels, valance band and energy band gap of 

electrons [16]. But when the material size is comparable to the Bohr radii of electrons, the 

quantum confinement effects can be observed. Under this circumstance, researchers cast their 

eyes on the MNWs and expect the mechanical, electrical, and magnetic properties of the 

MNWs can be observed remarkably different to those of the corresponding bulk materials. 

The MNWs were firstly reported to be fabricated by Itoua and Joachim [17]. They 

successfully obtained gold NWs with width less than 50 nm by lithography method in a glass 

substrate in 1992. Then, P. M. Ajayan and Sumio Iijima synthesized copper NWs in carbon 
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nanotubes under the capillary force in the next year [18]. In 1993, Whitney et al. reported that 

they successfully fabricated arrays of Ni and Co NWs by electro-chemical deposition method, 

and distinctive magnetic properties were characterized by them [19]. Hereafter, MNWs became 

one of the most popular topics among nanomaterials, and various fabrication methods were 

thoroughly developed. To date, MNWs have been profoundly used in novel batteries, 

biomedical sensors, and shape memory devices. Currently, more applications of MNWs are 

under discovery and development. 

2.1.2 Fabrication methods of MNWs 

The emergence of novel materials is invariably based on the development of fabrication 

methods. Similar to the other nanomaterials, people have two pathways to choose to synthesize 

MNWs, in which one is the so-called bottom-up method, another one is the top-down pathway 

[20], [21]. The former, bottom-up methods start from very small components, probably on an 

atomic or molecular scale, as the building blocks to grow MNWs on specific substrates or some 

templates. In contrast, the latter, the top-down methods indicate that MNWs are synthesized 

from bulk materials by cutting down the unwanted parts by a mold or a mask pattern. Generally, 

compared to top-down methods, the bottom-up methods are more reliable which is because of 

the higher controllability in composition distribution, microstructures, and cost [20], [22], [23]. 

Thus, researchers prefer to use bottom-up methods to fabricate MNWs. 

2.1.2.1 Template-assisted methods 

One of the low-cost bottom-up methods is the template-based method to synthesize 

MNWs. As described previously, the earliest MNWs were made by the famous capillary 
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suction force using carbon nanotubes as the template [18]. The lead particles were deposited 

onto the surface of the carbon nanotube under a high vacuum condition, then the samples were 

annealed in air atmosphere at 400 ℃ higher than the melting point of lead. After a while, they 

found that nanotube was filled with solid metal. Then, carbon nanotubes were used as the 

reaction templates to synthesize MNWs [24]. To date, more template-based methods have been 

developed to synthesize MNWs, such as template-assisted electrochemical deposition [25]–

[29] and biomolecular templates [30]–[32].  

Template-assisted electrodeposition method is a typical growth technique by depositing 

metals from an electrolyte [28]. This method is reported with low-cost, easy to operate, large 

area yields and ability for high aspect ratio products (very useful for manufacturing MNWs) 

[33]. It employs nano-porous anodic aluminum oxide (AAO) or nano-porous alumina as 

templates [34]. The typical synthesis processes are shown in Figure 1. Generally, the processes 

can be divided into three steps, AAO pore preparation, conducting membranes (metal) 

deposition or sputtering on one side, and final MNWs deposition on the other side [28], [29]. 

The diameter of the production MNWs is defined by the size of the AAO pores which is 

controllable during the AAO preparation by modifying the aluminum anodization potential or 

the etching duration [29]. The length of the MNWs can be simply controlled by the deposition 

duration [28]. Template-assisted electrodeposition not only can be applied to fabricate pure 

metal NWs, but also can be used to manufacture alloy MNWs. For instance, binary alloy 

MNWs [35]–[37], ternary alloy MNWs [38], [39], and even MNWs with more elements [40], 

[41] can be synthesized by template-assisted electrodeposition methods. Therefore, it is a 
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versatile template-based pathway to obtain MNWs for researchers to choose. 

 

This figure has been removed for copyright issue. 

 

Figure 1. Schematic of the typical electrodeposition processes of synthesizing MNWs. [29] 

Another template-based method is using bio-molecules as the templates such as DNA 

chins [31], [32], [42], [43] and protein assemblies [44], [45]. Undoubtedly, DNA chains are 

perfect candidates for templates to synthesize nanomaterials because of the intramolecular and 

intermolecular properties, such as some special sulfur or nitrogen functional ligands which can 

interact with metal ions [46]. DNA has already been applied to synthesize various 

nanomaterials, like nanoparticles, nanorods and nanorings etc. Metal ions can self-assemble 

into the DNA chains by interacting with the ligands. With the help of some special agents, the 

metal ions can be reduced to zero valence state metals. Then, free standing MNWs can be 

obtained by dissolving the samples into proper organic solvents. The diameter of the MNWs 

can be controlled by adjusting the concentration of metal ions and the duration of interaction 

between DNA and metal ions [43]. And the length of the MNWs is defined by the length of the 

DNA chains. 

The γ-prefoldin filamentous protein (γ-PFD) was reported that can serve as a proper bio-

template candidate for manufacturing nanomaterials [47], [48]. The mechanism is similar to 

the DNA-based template method. Under some specific conditions, metal ions can be self-

assembled onto the protein surface. Then, with the help of reductants, the metal ions can be 
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reduced to MNWs with different conductive properties, but the MNW length is defined by the 

protein [44]. 

 

This figure has been removed for copyright issue. 

 

Figure 2. Preparation of Au-Pt core-shell NWs. (a) Schematic illustration of the preparation of the complex 

MNWs of interest. (b) TEM image of Au-core. (c) TEM image of Au-Pt core-shell structure. (d) UV-Vis 

characterization of the product. (e) and (f) elemental mapping: Au-red, Ag-blue, Pt-green. (g) shows the mixture 

of different colors. [49] 

In recent years, some plant viruses have been developed as templates for synthesizing 

nanomaterials [50], [51]. The synthesizing processes are electroless and can be operated in 

ambient conditions. By mixing the virus solution with the metal ion solution, metal ions can be 

deposited onto the virus and reduced without any additional agents to form the polydisperse 

MNWs combined with virus [51]. People can choose to separate the wanted MNWs by using 

proper solution, but there are more possibilities for researchers to collect the polydisperse 

product for certain applications. More complex core-shell structures are possible to be 

fabricated using this method, shown in Figure 2. It shows the complex structure of the NWs. 

The diameter of NWs is controlled by the size of the virus, and the length is a function of the 

interaction duration between the metal ions and the virus. 

    In summary, template-assisted method is an effective, low-cost, high-yield, and easy-

operation fabrication pathway to obtain MNWs. the size and structures of the products are well 

controlled by adjusting the synthesizing parameters. Moreover, it is possible for researchers to 

fabricate MNWs with complexity both in composition and micros-structures.  
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2.1.2.2 Other methods 

 

This figure has been removed for copyright issue. 

 

Figure 3. Schematic illustration of the fabrication processes of (A) platinum NWs and (B) gold NWs by laser 

assisted mechanical pulling method. [57] 

Although template-assisted methods are effective in synthesizing MNWs, there are some 

other methods applicable for researchers to choose, such as the chemical vapor deposition 

(CVD) [52]–[55], laser-assisted methods [56]–[59], nano-lithography [60], [61], and nano-

scratching [62]. CVD is a very common, bottom-up, and straightforward pathway to fabricate 

1-D nanostructures. It is often used to fabricate semiconductor nanostructures, metal oxide 

NWs and carbon nanotubes. However, the highly controllable growth properties inspire 

researchers to develop CVD method in fabricating MNWs. It allows MNWs to grow on silicon 

substrates [52], [54] and even metal film substrates [53] in large-area free standing style and 

with a very fast speed.  

In recent years, laser-based techniques have drawn dramatical attention from researchers. 

Undoubtedly, it has been successfully developed to manufacture nanostructures by material 

scientists [63]. Generally, it is a top-down method, and conventional fabrication methods may 

be involved, such as lift-off lithography and stretching. In 2014, Percival et al. [57] developed 

a novel method by using glass to seal a small piece of metal wire and pulled by laser-assisted 

mechanical puller, shown in Figure 3, until being separated into two ultra-sharp tips. To bare 

the MNWs, it is very convenient to use hydrofluoric (HF) acid to etch the quartz. The length 
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of the obtained MNWs can be as long as 5-millimeter scale, and the diameter can come to only 

tens of nanometers. Thus, the MNWs produced by this method have an ultra-high aspect ratio. 

However, this laser-assisted pulling method has limits in yield amount and multiple steps 

requiring high accuracy operations. To overcome the complexity of fabrication processes, He 

et al. [59] developed another laser-assisted direct writing method to fabricate MNWs. They 

designed a two-beam laser direct writing system, shown in Figure 5. It allows operators to 

fabricate MNWs by directly writing on a flexible polyethylene terephthalate (PET) sheet for 

further applications, such as wearable communication devices [64]. The size and morphology 

of the MNWs are controllable by means of adjusting the experimental conditions. This 

technique provides high potential for fabricating flexible conductive MNWs for cutting-edge 

applications. 

 

This figure has been removed for copyright issue. 

 

Figure 4. Schematic diagram of the two-beam laser direct writing system. [59] 

MNWs can be fabricated by lithography-based methods as well, like the other 

nanostructures. Nanoimprint lithography (NIL), a conventional fabrication method, has been 

previously used to produce metal nanorings [65], nanodots [66] and MNWs [67], [68]. One of 

the obvious merits of this method is the highly ordered products. The fabrication processes are 

schematically shown as Figure 5. The first step is to spin-coat a thin layer of thermoplastic 

resist polymer onto the proper substrate, followed by NIL process to form ordered polymer 
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grating. Then, a reactive ion etching (RIE) process is employed to bare the substrate and 

remove the residual polymer, followed by compression using another substrate to control the 

groove width and depth. Then, a thin metal layer can be evaporated deposition onto the pattern. 

Finally, MNWs can be obtained after a lift-off process in acetone solution for proper duration. 

The size of the MNWs can be easily controlled by adjusting the experimental conditions, such 

as the compression pressure, duration, and deposition duration. But, the obtained MNWs have 

a rectangular cross-section with sharp edges, which may affect the mechanical behavior. 

 

This figure has been removed for copyright issue. 

 

Figure 5. Schematic illustration of the fabrication processes of MNWs. [68] 

In summary, a variety of fabrication methods have been developed to synthesis MNWs, 

which guarantees progress in the post research. Generally, template-assisted electrodeposition 

is the most preferred pathway, which can be attributed to the low-cost, high efficiency, ability 

to produce large area MNWs, and highly controllable in size. However, the two-beam laser 

direct writing system allows people to fabricate MNWs on soft sheets, which exhibits higher 

flexibility applications. 

2.1.3 Applications of MNWs 

MNWs have been applied in various fields due to the unique properties, such as high 

aspect ratio, large surface area, flexibility, and high conductivity. Thanks to the remarkable 

progress in fabrication methods of MNWs, in the past decades, people are able to fabricate 
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various conventional and novel products for various applications, such as electrodes [26], [69]–

[71], sensors [72], [73], waveguides [74], and shape memory [75]–[77]. As described 

previously, the two-beam laser direct writing method can be used to produce MNWs applied 

for wearable devices which need both conductivity and flexibility properties of the MNWs [59]. 

Thus, the development of MNWs in applications is based on the progress in fabrication 

methods. 

 

This figure has been removed for copyright issue. 

 

Figure 6. (a) SEM images of Ag NW networks on a silicon substrate, and the distributions of length and diameter 

of the NWs. (b) Sheet resistance versus annealing time for the Ag NW networks at 200 ℃. (c) Sheet resistance 

versus NW density. [69] 

Transparent conductive electrodes are important parts of solar cells and some display 

screens. Conventional electrodes use doped metal oxides, which may impede the light signals 

to pass through, have higher electrical resistance and exhibit brittleness. To overcome those 

drawbacks of conventional electrodes, researchers developed novel electrodes based on MNW 

networks [69]–[71]. The typical configuration of this kind of electrodes are shown in Figure 6 

(a). It also shows the relationship between sheet resistance and annealing time Figure 6 (b), and 

the sheet resistance against NW density Figure 6 (c). Thus, MNW network electrodes are a 

great replacement for conventional metal oxide-based ones. MNWs can be used as sensors to 

detect such as biomolecules [78], chemicals [72], [79] and strains in multidimensions [80], 

where different properties are adopted. 



 

14 
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Figure 7. (a) Initial structure of <5 5 2>-oriented gold NW. (b) The nucleation and propagation of nano twinning, 

and the NW reorientation under tensile loading. (c) Reverse reorientation of the NW by compression. [77] 

The rubber-like pseudoelastic property of copper NWs was first found by atomistic 

simulations by Liang and Zhou in 2005 [81]. Thereafter, pseudoelasticity and shape memory 

effects have drawn remarkable attention from researchers. To date, shape memory effects have 

been verified in both single crystalline FCC [77] and BCC MNWs [75]. The pseudoelastic 

behavior refers that the materials exhibit rubber-like and recover to initial condition by inverse 

load, which is shown in Figure 7. The revisable behavior is believed due to the reorientations 

of the crystallographic lattice by twin boundary motion near the sliding planes [77], [81]. 

Similar pseudoelasticity and shape memory effects are also found in body-centered-cubic (bcc) 

structured MNWs [75]. The phenomenon can be attributed to the transition from twinning to 

detwinning, which behaves like face-centered-cubic (fcc) MNWs. Shape memory is an 

important application of MNWs, which is usually used to store energy and damp the vibration. 

2.2 Mechanical properties and deformation mechanisms of MNWs 

2.2.1 Mechanical properties of metals 

 

This figure has been removed for copyright issue. 

Figure 8. Schematic representation of a standard metal specimen for tensile testing. [82] 
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Figure 9. Schematic representation of a tensile testing apparatus. [82] 

For many materials, they are always exposed to various loads, while in service, such as 

the steel bars used for buildings and aluminum alloy rims mounted on vehicles. However, 

improper design of materials may probably cause terrible disasters, for instance air crash, 

bridge collapse and furnace explosion. Thus, it is crucial to understand the physical meaning 

of the various mechanical properties of materials and be clear about how they are examined. 

After that, it is possible for engineers to design different products based on the knowledge of 

the properties of materials, especially metals. The products should meet the demands of 

expectations for engineering applications. 

To understand the mechanical properties of metals, some concepts need to be introduced. 

To simplify, the applied loads on materials may be described as three pure types, which are 

tension, compression, and shear, although the loading conditions might be much more complex 

in practice. For engineering materials, strength is always the concern of engineers. Several 

testing methods have been developed to obtain the strength of engineering materials, among 

which tensile test is one of the most common techniques. 

In the early days, people found the size effects on material strength based on the tensile 

tests. Thus, tensile strength measurement standards have been developed to define how to 

perform tensile tests. A standard metal specimen for tensile testing looks like a dog-bone, 
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shown in Figure 8. Normally, the cross-section of the specimen is circular with a defined 

diameter of ~0.5 inch, and the reduced section length should be at least 4 times of the cross-

section diameter. The gauge length, approximately 2 inches, is used to measure the elongation 

of the specimen under uniaxial tensile load.  

A fundamental apparatus for conducting tensile tests are shown in Figure 9. Two ends of 

the specimen are grasped by clamps, and the load is applied by moving the crosshead, while 

the load and elongation can be recorded by a computer. According to the recorded data, a stress-

strain curve can be obtained, where stress describes the interactions between particles and strain 

refers to the elongation ratio in general. Without considering the shrink of the sample’s cross-

section, the obtained stress σ is defined as the engineering stress, shown as Eq (1), where F is 

the applied force, and A0 is the original cross-section area. Under this circumstance, the strain 

ε is defined as the engineering strain, which is a unitless physical value, described as Eq (2), 

where li is the measured length of the sample, and l0 is the original length. 

                             𝜎 =
𝐹

𝐴0
                         Eq (1) 

                        𝜀 =
𝑙𝑖−𝑙0

𝑙0
                        Eq (2) 

True stress and strain are the counterparts of engineering ones, in which true stress, 

marked as σT, is defined as the load F over the instantaneous cross-section area Ai, shown as 

Eq (3). Moreover, the true strain εT is defined as the logarithm of the ratio instantaneous length 

li over the original length l0, shown as Eq (4). 

                          𝜎𝑇 =
𝐹

𝐴𝑖
                    Eq (3) 

                             𝜀𝑇 = ln
𝑙𝑖

𝑙0
                       Eq (4) 
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Figure 10. A typical stress-strain curve of a low carbon steel. [83] 

A typical stress-strain curve of a low carbon steel is shown in Figure 10. There is an elastic 

regime, where stress linearly increases with strain, until the yield point where the stress is 

named yield strength. In this region, the deformation of the specimen is reversible, and no 

permanent deformation is observed. The relationship between stress σ and strain ε describes as 

Hooke’s law, shown as Eq (5): 

𝜎 = 𝐸𝜀                       Eq (5) 

where, E is the slope of the curve in the linear region, named as elastic modulus, or Young’s 

modulus. Sometimes, Young’s modulus is described as the stiffness of material. Higher 

Young’s modulus means stiffer of the material. Thereafter, the stress increases with strain non-

linearly, until reaching the highest point which is defined as the ultimate strength. This region 

is called strain hardening. In this region, plastic deformation dominates, which means the 

deformation is permanent, and non-reversible. After reaching the ultimate strength, the 

specimen starts necking until fracture occurs. 

Another important mechanical property is ductility, which is used to describe the ability 

of the material to sustain plastic deformation before fracture. There are two expressions of 

ductility, which are the percentage of elongation, %EL, and the percentage of reduction in 

area, %RA. The former, the percentage of elongation, is defined as Eq (6): 
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%𝐸𝐿 =
𝑙𝑓−𝑙0

𝑙0
× 100                   Eq (6) 

where, lf is the length of specimen at fracture. The expression of ductility in percentage of 

reduction in area is defined as Eq (7): 

%𝑅𝐴 =
𝐴0−𝐴𝑓

𝐴0
× 100                  Eq (7) 

where, Af is the cross-sectional area at fracture. A higher ductility value means the material is 

ductile under load. In contrast, a low ductility value indicates the brittleness of material. 

Generally, when the fracture strain is less than 5%, the material is defined as brittle material 

[82], such as glass, cast iron and ceramics. 

    The mechanical properties aforesaid are related to tensile load conditions. Nevertheless, 

metals may experience other loads in practice, such as compression, torsion, and shearing. The 

mechanical properties of these loads are similar to the tensile ones. But there is no maximum 

deformation under compression since there is no necking phenomenon. The apparatus for 

tensile tests, shown in Figure 9, can be used to perform compression tests as well, by 

transforming the tensile loads to compressive ones. Similarly, shear stress is defined as shear 

force over the shear area. The shear strain is defined as the tangent of the strain angle, which is 

different from the strains of tension and compression. Generally, all these testing techniques 

are well defined by standard. 

2.2.2 Mechanical properties of MNWs 

For MNWs, the mechanical properties are defined the same as other metal materials. 

However, it is a tough mission to measure the mechanical properties of MNWs, since they are 

nano-scale. It is really challenging to fix both ends of a single MNW and apply force then. 
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Owing to the progress of electron microscopic techniques, such as Transmission Electron 

Microscopy (TEM) and Scanning Electron Microscopy (SEM), it is possible to perform in-situ 

experiments to examine the mechanical properties of a single MNW. Compared to 

experimental methods, simulations also draw plenty of interest from researchers in 

characterizing the mechanical properties of MNWs, due to the advantages of high manipulation, 

low-cost and fast observation. It allows researchers to observe all the detail, such as dislocation 

nucleation, propagation, and deformation mechanisms, by dumping snapshots during the 

simulation process. In this section, characterization of the mechanical properties of MNWs will 

be reviewed in both experiments and simulations. 

2.2.2.1 In-situ experiments 

Conventional testing techniques, for instance tension, compression and shear testing 

methods described previously, are inapplicable for individual MNW testing, since they are 

extremely small in size, and challenging in fixing and applying nano-mechanical load. In-situ 

uniaxial tensile testing is a widely used method to examine the mechanical properties of MNWs 

practically. In the past two decades, researchers performed a lot of in-situ tensile experiments 

to measure the strength and Young’s modulus of various MNWs. 

 

This figure has been removed for copyright issue. 

 

Figure 11. (a) An in-situ SEM tensile testing device set-up. (b) SEM image showing the fracture surface of the 

examined Ag NW. [84] 

A typical in-situ tensile testing experiment is shown in Figure 11, which was performed 
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by Zhu et al. [84]. The nano-mechanical device is composed of an AFM cantilever and a 

nanomanipulator, which was successfully used in their previous work on semiconductor NWs 

[85], [86]. Two ends of the MNW are fixed on the nano-manipulator and atomic force 

microscopy (AFM) cantilever, respectively, by using the electron-beam-induced deposition of 

carbonaceous materials in the SEM [85]. Then, a nano-mechanical tensile load can be applied 

to the specimen until fracture. During the tensile test, SEM images can be taken to observe the 

evolution of strain, force, and the deformation behavior. With the help of this device, they found 

the size dependence of five-twinned Ag NWs, with the result of the smaller in diameter, the 

stronger in strength, which can be attributed to the surface effect of the MNWs. 

 

This figure has been removed for copyright issue. 

 

Figure 12. (a) Schematic illustration of a three-point indentation device for measuring the mechanical properties 

of individual NW. (b) Both ends of a NW fixed on the substrate over a deep trench. The scale bar is 500 nm. (c) 

A deformed Au NW. The scale bar is 1 μm. [87] 

There is another widely used in-situ measurement method named three-point nano-

indentation, shown in Figure 12 (a). The in-situ device involves an AFM cantilever equipped 

with a photodiode used for recording applied force. Similar to the aforementioned in-situ 

tensile testing device [84], [85], both ends of the specimen are fixed on a substrate by electron-

beam-induced Pt wire, shown in Figure 12 (b), following the method proposed by Koops et al. 

[88]. The trench under the NW is created by focused-ion-beam milling with 0.3~4 μm in width 

and 250~500 nm in depth. The AFM cantilever is aligned parallel to the NW and force is 

applied perpendicular to the NW axis. During the experiments, force-displacement (F-d) data 
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can be recorded to obtain the F-d curves. Combining the F-d curves and calculation equations 

which can be found in literature, the yield strength and Young’s modulus of the examined 

MNWs can be obtained. 

2.2.2.2 Simulations of MNWs 

Although various experimental methods have been developed, it is still a great challenge 

to characterize the mechanical properties of MNWs for a few reasons. First, it is challenging 

to fabricate free-standing MNWs due to the complex synthesizing processes. Second, some 

techniques are challenging to operate, such as SEM and TEM, and the accuracy of the 

experiment results needs to be concerned. Moreover, such experiments are costly and time 

consuming, and it is impossible to observe the evolution of mechanical behavior details during 

the experiments. 

To overcome the limitations of experimental measurements and look deep into the 

deformation evolution details of MNWs, a large number of studies have been performed by 

Molecular Dynamics (MD) simulations, especially the uniaxial tensile measurements on 

MNWs. One of the most widely used software package for MD simulations is the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) [89], which is an open-source 

simulation tool developed by Sandia National Laboratories. It is very convenient for 

researchers to use MD simulations to investigate mechanical behaviors of MNWs with 

different conditions by just modifying the parameters of the models and codes, such as size of 

the NWs, strain rate and temperature. Compared to experiments, it is easier to control the load 

conditions by some thermostats and barostats. 
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Size effect is an interesting phenomenon for nanomaterials. Many studies have been done 

to probe the mechanisms of size effect on MNWs through MD simulations [90]–[92]. Deng 

and Sansoz [90] investigated the twinning boundaries and free surface effects on gold NWs, 

and revealed that both the nano-twin density and NW diameter can affect the dislocation motion 

during tensile loading. Without free surface, it was reported that twinning space would not 

affect the yield strength of the gold NWs. When there is free surface, Shockley partial 

dislocations will escape to the intersection plane of the twin boundary and free surface. They 

proposed an equation to describe the conjunction effects of both NW diameter and twinning 

space on the critical resolved shear stress. Narayanan et al. [91] reported that strain-hardening 

effect in the five-fold twinned silver NWs was dependent on the diameter of the NWs, which 

is smaller in size would result in higher hardening effect and ductility. For MNWs, strain rate 

and temperature may affect the yield strength as well. MD simulations reveal that high strain 

rates will induce amorphization in MNWs, which may affect the plastic deformation modes in 

fcc MNWs [93]–[95]. Recently, similar high strain rate-induced amorphous transformation also 

has been found existing in hexagonal-close-packed (hcp) Ti NWs [96], but no deformation 

modes transition has been reported in hcp Zr NWs by Guder and Sengul [92].  

However, there are some limitations for MD simulations as well, such as too fast strain 

rates and controversial accuracy. But MD method does have a lot of advantages compared to 

experimental methods in characterizing nanomaterials. It is becoming more and more 

important in today’s nanomaterial studies. 
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2.2.3 Deformation mechanisms of MNWs 

In the past two decades, MD simulations have been widely used to investigate the 

mechanical properties of MNWs due to the advantages of MD method described previously. 

Therein, researchers expressed an extensive interest in elastic and plastic deformation 

mechanisms under different loading conditions. In this section, deformation mechanisms will 

be reviewed to understand the underlying criteria of deforming a single free standing MNW in 

different structural categories of fcc, bcc, and hcp.  

2.2.3.1 Deformation mechanisms of fcc MNWs 

The deformation mechanisms of fcc MNWs have been extensively studied by researchers 

via MD simulations in recent years. The elastic deformation of fcc MNWs is generally 

understood by the homogeneous elongation of lattice unit cell along with the direction of 

loading [95]. Whereas, the plastic deformation varies with different loading types, strain rates, 

and intrinsic properties of the MNWs, which intrigues the strong interests of researchers. To 

date, two distinctive deformation mechanisms have been reported to mediate the structure 

evolution of fcc MNWs under loading: lattice reorientation and phase transformation.  

Zimmerman et al. [97] reported that the plastic deformation of fcc MNWs was a combined 

effect of the intrinsic properties, loading type and orientation of axis, and free surfaces. They 

examined <100>- and <110>-oriented fcc MNWs and several different free surface packing 

modes with square cross-section. They found tension and compression could cause slipping 

with {110} side surfaces, while the closest packed {111} surface exhibited to inhibit the 

occurrence of slipping, thus deforming by twinning. The twinning phenomenon for <110>/{111} 
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MNWs can be attributed to the closest surface packing mode with the lowest surface energy. 

For <100>-oriented MNWs, both {100} and {110} side surfaces tend to cause twin boundaries 

under compressive loading, while NWs with {100} side surfaces will deform by slipping.  

In recent years, complementary MD simulations have been performed to investigate the 

orientation and loading type effects on the deformation mechanisms of Cu NWs [98]. The 

compression-induced twinning deformation has been extended from <100>- to <103>- and 

<113>-oriented NWs. However, special twin-twin interactions have been observed only in 

<100>-oriented NWs. Under tensile loading, full reorientation occurs in <101>-, <103>-, 

<212>- and <214>-oriented NWs by twinning mechanism. But twinning in <100>-, <102>-, 

<111>-, <112>, and <113>-oriented NWs does not induce complete reorientation. 

Based on previous studies, Kim et al. [99] believe that there is a competition between 

slipping and twinning mechanisms in fcc MNWs. They developed a Q-factor, which is 

described as the difference between activate energies of a second slip and trailing dislocation, 

to quantify the tendency of slipping and twinning. The misfit stress, elastic stress, and loading 

direction are incorporated in the Q-factor to determine the deformation mechanism, which has 

been validated by both experiments and MD simulations. Yin et al. [100] investigated the same 

competition behavior between slipping and twinning by experiments and MD simulations and 

found that the cross-section shape could affect the dislocation mechanisms as well. The results 

show that a higher aspect ratio of cross-section can cause the transition of deformation modes 

from twinning to slipping due to the variation of surface energies mediated by the cross-

sectional shape. 
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Apart from the slipping and twinning mechanisms, a novel phase transition mechanism 

has been reported to be induced by a high strain rates [93]–[95]. Ikeda et al. [93] found that 

there was a critical strain rate (0.05 ps-1) for pure Ni and CuNi NWs. A higher strain rate than 

the critical value would cause amorphization due to the reduction of melting point induced by 

high strain rate. However, no phase transformation could be observed with a lower strain rate 

and the NWs were deformed by dislocation motion. Similar phase transition in Au [101] and 

Ni [95] NWs has been reported, but with different critical strain rates. The amorphized NWs 

exhibit superelasticity characteristics under uniaxial loading and low-temperature conditions 

[94]. In 2015, a new and more complex strain rate-induced fcc-bcc-hcp (FBH) phase 

transformation mechanism for Cu NWs has been reported by Xie et al. [102]. At high strain 

rate (4 ×1010 s-1) and low temperature (10 K), the novel FBH phase transition controls the 

plastic deformation. Without changing the temperature, lowering the strain rate can cause 

dislocation nucleation dominates the plastic deformation again.  

2.2.3.2 Deformation mechanisms of bcc MNWs 

It is reported that bcc MNWs are preferred in various applications, such as shape memory 

and energy storage, compared to fcc ones [103]. Thus, bcc MNWs have attracted massive 

interest due to the outstanding mechanical behaviors. In this sub-section, the deformation 

mechanisms of bcc MNWs will be reviewed based on recent work, especially MD simulations. 

Similar to fcc MNWs, there are two main deformation mechanisms which are slipping and 

twinning [103]–[105]. Other mechanisms, such as phase transformation [106], [107], could 

occur under proper size, orientation, and strain rate conditions.  
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Wang et al. [103] investigated the deformation mechanisms of bcc Mo NWs by MD 

simulations. They find that slipping is expected to happen under uniaxial tensile loading in 

<110>- and <111>-oriented Mo NWs for lower surface energy, while twinning will dominate 

the plastic deformation in <100>-oriented NWs. Sainath and Choudhary [104] studied the 

coupling effects of size and temperature in ultrathin bcc iron NWs. Their results indicate that 

<100>-oriented NWs with smaller sizes and at high temperatures prefer to be deformed by 

slipping mode, while it is probably deformed by twinning mode at low temperatures and large 

sizes. They demonstrate the transition from slipping to twinning by a map, shown in Figure 13, 

under different sizes and temperatures. There is an obvious boundary separating the two regions 

where slipping mechanism dominates at the left with lower sizes but higher temperatures. 
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Figure 13. The deformation mechanism map shows the preference of slipping and twinning in <100>-oriented 

bcc Fe NWs under different sizes and temperatures. [104] 

To understand the competition between two types of twinning mechanisms in bcc MNWs, 

Shi and Singh [108] performed MD simulations on niobium, iron, tantalum, molybdenum, and 

tungsten NWs with <110>/{111}, <100>/{110}, and <100>/{100} orientations where <XXX> 

indicates the loading direction and {YYY} represents the side surfaces. Two distinctive 

twinning mechanisms have been observed: one, reflection twinning, is caused by the glide of 

1/6<111> dislocations nucleated from the surface; the other one, isosceles twinning, is induced 

by the dissociation of the 1/6<111> dislocation into two partials of 1/12<111> gliding on 
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adjacent {112} planes. The transition of two kinds of twins is reported to be mediated by the 

stable twinning fault energy γstf. The calculations reveal that Ta, Nb, and Fe favor the isosceles 

twinning mechanism, while Mo and W prefer coherent twinning. 
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Figure 14. (a) Schematics of two twin boundary (TB) structures. (b) The dissociation of 1/6<111> dislocation on 

{112} planes. (c) Formation of asymmetric isosceles TB structures. [108]  

Phase transformation also can be observed in bcc MNWs under uniaxial tension. Xie et 

al. [107] investigated strain rate and temperature effects on the deformation mechanisms in bcc 

iron <110>-oriented NWs. They developed a deformation mechanism map with respect to 

different strain rates and temperatures, shown in Figure 15, to illustrate the variation of 

mechanisms with different conditions. The map indicates that dislocation nucleation dominates 

the plastic deformation at low strain rate and high temperature, while bcc-to-hcp martensitic 

transformation occurs at high strain rate and low temperature. The phase transition is induced 

by the low energy barrier at high strain rate and low temperature. 
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Figure 15. Plastic deformation map indicates the temperature and strain dependence in bcc iron NWs. [107] 

2.2.3.3 Deformation mechanisms of hcp MNWs 

In recent years, hcp MNWs also have drawn a lot of attention from researchers due to the 
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superconducting [109] and magnetic [110], [111] properties. The high strength and low-density 

property make Ti a potential material for nanoelectronics and biomedical techniques. Thus, it 

is very important to understand the deformation mechanisms of Ti NWs under uniaxial loading. 

Like other structural MNWs, strain rate and NW size also can affect the mechanical behavior 

of hcp Ti NWs. MD simulations reveal that the twinning mechanism causes the initial yielding 

behavior for Ti NWs with different sizes under each strain rate [112], [113]. However, after 

saturation of twinning volume fraction, post-plastic deformation mechanisms dramatically 

depend on the strain rate and wire size [112]. Phase transformation from hcp to fcc favors 

happening at low strain rate 108~109 s-1. But size dependence becomes dramatic at a higher 

strain rate, > 109 s-1, and the deformation mechanism changes from phase transition to prismatic 

dislocation. A higher strain rate may transform the single crystalline NW to polycrystalline 

counterparts, shown as Figure 16. After that, both grain boundary motion and dislocation 

motion can be observed depending on the wire size. 
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Figure 16. Size and strain rate effects on plastic deformation mechanisms in Ti NWs. [112] 

Another work done by Chang et al. [96] reveals that [112̅1] -oriented Ti NWs are 

insensitive to the variation of strain rate, but with complex initial yielding behaviors with the 

combination of nucleation of several partial dislocations and twins. The transformation 

between deformation faults and twins can be observed for further plastic deformation. For 
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[1̅100]-oriented Ti NWs, dislocation slip dominates the plastic deformation at all strain rates. 

Twinning faults dominate the deformation mechanism in [0001]-oriented Ti NWs. 

In summary, the deformation mechanism is a complex function of both intrinsic properties 

and extrinsic conditions. There are three dominant deformation mechanisms in all structured 

MNWs, which are dislocation slipping, twinning, and phase transformation. Different 

mechanisms can be transformed by altering the size of the NWs, cross-sectional shape, 

temperature, strain rate, and loading orientations. Previous work is very important to help 

researchers to understand mechanical behaviors and design novel MNWs. 

2.3 Alloying effects on the mechanical properties of metals 

Nowadays, obtaining metal products with optimal properties has become one of the most 

important tasks of modern physical metallurgy. Alloying has been reported as one of the most 

effective methods to achieve this goal. For nanocrystalline metals, it is reported that alloy can 

be used to improve thermal and chemical stability and hinder grain growth behavior [114]. 

Moreover, solute atoms can dramatically affect the mechanical performance of the metals, 

which guarantees the wide usage of alloys. With additional solute atoms in the metal matrix, 

the yield strength is expected to be improved, which is widely known as solid solution 

strengthening or solid solution hardening (SSH) effect [13]. Nevertheless, the existence of 

solute atoms may also lead to the opposite phenomenon, which is lowering the strength of the 

alloys, and described as the solid solution softening (SSS) effect [115]. Those two primary 

alloying effects have been comprehensively investigated during the past decades. In this section, 

both will be reviewed based on recent work. 
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2.3.1 Solid solution strengthening effects 

Traditionally, alloying is used to enhance the strength of metals, which has been 

extensively adopted by engineers in the long history of physical metallurgy. There are two 

primary models describing the SSH effect, which are strong-pinning model [116], [117] and 

weak-pinning model [118], [119]. The former considers the effect of a single solute atom, 

which serves as a pin to hinder the dislocation motion. While the latter concerns the collective 

effects of randomly distributed solute atoms interacting with dislocations. Thus, fluctuation of 

the dislocation pathway reduces the dislocation energy, and those dislocation bows out of the 

pinned regions, resulting in additional stress, and inducing higher yield strength. In recent years, 

the phenomena, and underlying mechanisms of SSH become one of the most popular topics in 

nano-material science, especially with the emergence of medium entropy alloys (MEAs) and 

high entropy alloys (HEAs).  

For polycrystalline pure metals, it is reported that grain growth at room temperature [120] 

or under stress [121] may occur when the grain size comes to nano-scale. However, it has been 

found that can be used to enhance the stability of grain structures and hinder the grain 

coarsening behavior by the pinning effect of grain boundaries stabilized by solute atoms [122]. 

In other words, it also can be considered as an indirect SSH effect caused by solute atoms. A 

direct SSH phenomenon has been reported by MD simulations of additional Ni atoms in Cu 

matrix [123], which can be attributed to the increase in Young’s modulus caused by additional 

Ni atoms. Zhang et al. [124] investigated the SSH effect in Ni-based superalloys, in which Re, 

Ru, and Co serve as the solute atoms. All three kinds of elements at high concentrations can 
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significantly strengthen the superalloy which can be attributed to the pinning effect of the solute 

atoms randomly located in the slipping planes. 

In recent years, massive work has been done to investigate the SSH phenomenon and 

underlying mechanisms in HEAs and MEAs. For the famous Cantor alloy FeCoNiCrMn [125], 

it is reported that the addition of Al (0~20 at.%) will cause phase transition from the initial fcc 

single phase to duplex phases, and finally to bcc single phase [126]. In the mixed phase region, 

the yield strength is obviously increased but with ductility reduced. Based on previous work, 

Kumar et al. [127] investigated the SSH effect of addition of Al ranging from 0.25 to 5 at.% in 

the Cantor alloy matrix. Both experimental and Density Functional Theory (DFT) simulation 

results indicate that the addition of Al causes dramatic lattice distortion compared to the Cantor 

alloys without Al atoms [128], [129]. According to the mechanical characterization of the 

samples, higher Al concentration results in higher yield strength and ultimate strength, which 

can be attributed to the increase in local lattice distortion.  

Recently, novel refractory high entropy alloys (RHEAs) HfNbTaTiV and TiNbTaZrHf, 

etc., and refractory medium entropy alloys (RMEAs) NbTaTi and WNbTaTi, etc., have become 

hot topics among the studies of HEAs and MEAs due to the remarkable high-temperature 

resistance [130]–[132]. The atomic-size mismatch in RHEAs [133] is considered to be larger 

than in Cantor alloys [128], [129], which is expected to cause considerable lattice distortions 

in the matrix. Nevertheless, the lattice distortion is closely related to the structural stability and 

mechanical properties of the HEAs [127], [130]. Thus, the lattice distortion induced SSH 

effects in RHEAs have been extensively studied by both experiments and theoretical 
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calculations. 

The lattice distortion in RHEAs is significant due to the atomic size misfit, shown in 

Figure 17, which induces the dislocation propagation more difficult compared to pure metals 

[130]. Thus, the consequence of severe lattice distortion is enhanced mechanical properties. By 

using the maximum lattice distortion principle, a novel RHEA (HfNbTaTiV) has been 

developed by Han’s group [134]. The newly developed RHEA is reported to be able to retain 

53% of the room temperature yield strength under 700 ℃, which is much more outstanding 

than other RHEAs. Their work sheds new light on designing novel alloys for future physical 

metallurgy development. 

 

This figure has been removed for copyright issue. 

 

Figure 17. Schematic illustration of lattice distortion in a BCC structural RHEA. (a) Perfect lattice of Ti. (b) 

Slightly distorted lattice caused by additional Nb. (c) Significantly distorted lattice of the RHEA. [130] 

2.3.2 Solid solution softening effects 

In contrast to the strengthening effect, solute atoms may serve as a weakening trigger to 

the mechanical properties of metals, which is defined as SSS effect. The SSS phenomenon was 

first reported for exploring the solid solution effects on body-centered cubic (BCC) metals in 

1960s. The theoretical calculation results of activation parameters were found consistent with 

the experimental values, and reduction in Peierls’ stress with the addition of solute atoms 

inducing the softening effect on the strength [115], [135].  

For BCC Mo-based binary alloys, the SSS effect is reported to have an intrinsic nature. 
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The addition of elements with excess electrons, for instance Pt, Ir, Os or Re as the solute atoms, 

the impurity electron structures are deemed to take the responsibilities of changing in local 

chemical bonding, reduction of generalized stacking fault energies (GSFEs) and shear 

resistance in atomic scale, which intrinsically facilitates the double kink nucleation and 

enhances the dislocation motion [136]–[138]. In contrast, the addition of Hf or Ta atoms into 

the Mo lattice will cause the hardening effect, due to the lack of electrons in the outer shell. 

For the equal atomic face-centered cubic (FCC) alloy CoCrFeMnNi, known as the Cantor 

alloy, the minor addition of Al atoms will induce the reduction of Peierl’s stress, resulting in 

softening in hardness [139]. The SSS effect was also found in single crystal Ni-Co alloy 

nanoparticles both experimentally and theoretically by Bisht et al. [140], which is in contrast 

to the strengthening effect induced by the addition of Co atoms into Ni-based superalloys [124]. 

Interestingly, the strength-composition profile reveals that there is a minimum strength value 

when the atomic fraction of Co is around 0.15, then, the higher yield strength is expected with 

higher Co concentration, albeit lower in strength than the pure Ni nanoparticle. This 

extraordinary softening phenomenon can be explained by the competition between the 

reduction of dislocation nucleation and the pinning effect caused by the existence of solute 

atoms. 

However, the solute effects may not always be monotonic. The transition between 

strengthening and softening effects may happen in some scenarios, like the shifting behaviors 

due to the variation of Co fractions in defect-free Ni-based nanoparticles [140]. Similarly, the 

transition from softening to strengthening occurs in tungsten-based alloys [141]. Small 
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fractions of solute atoms in the VI, VII, and VIII groups added into BCC tungsten are reported 

to lower the critical resolved shear stress (CRSS) by enhancing the nucleation of double kinks. 

After the critical solute concentration, the higher concentrations of solute atoms will result in 

higher CRSS values, when the solute pinning mechanism comes to dominate the dislocation 

mobility. Differently, the first strengthening followed by softening behaviors was unveiled in 

Fe-Ni alloy NWs at 1 K, which can be attributed to the transition of deformation mechanisms 

from the twinning to dislocation slip owing to the addition of more Ni atoms [142]. However, 

a linear softening effect by increasing the Ni concentration was found at 300 K, where 

dislocation motion dominated the deformation mechanism. 

Although the strength is reduced, the flip side of the coin is that the SSS may improve the 

ductility and toughness of the alloys. For instance, with the addition of Co atoms into the defect-

free Ni nanoparticles, the toughness is monotonically increased, which can be explained by the 

pinning effect of the solute atoms [140]. Adding minor fraction of aluminum solutes into the 

Cantor alloy will soften the material, but the ductility can be enhanced [139]. Similar 

phenomena were also reported in bcc tungsten-based alloys [141] and fcc silver-based 

alloys[143]. To improve the ductility of hcp Mg-based alloys, Tsuru et al. [144] employ the 

SSS strategy to find out that yttrium (Y) is a potential solute element by the significant 

reduction of generalized stacking fault energy (GSFE). Thus, to obtain better ductility, the SSS 

method may be a competitive way to design new alloys while compromising the softening in 

strength. 
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Chapter Ⅲ Computational methodology 

3.1 MD simulation tools 

MD simulation is a powerful technique for computing the thermodynamic, chemical, and 

mechanical properties of a classical many-body system [145], which means the particle motion 

in the system is set to obey the classical mechanics. There is no need to worry about the 

quantum effect except for translational or rotational motions of light atoms or molecules, or 

vibrational motion with hν > κBT, where h is the Planck constant, ν is the frequency of vibration 

behavior, κB is the Boltzmann constant, and T is the temperature of the particle. 

Similar to real experiments, MD simulations undergo some procedures, such as model 

preparation, measurement of properties, and analysis of the results. In this project, all the MNW 

models are constructed by the open-source program named Atomsk [146], which can be used 

to manipulate and convert atomic configuration files. Another open-source software package 

named OVITO [147] has been employed for 3D visualization of the model configurations. The 

common neighbor analysis (CNA) method [148] is used to perform structure identification, 

which is based on the decomposition of the radial distribution function (RDF) according to the 

local environment of atomic pairs. Dislocations are identified and analyzed by the dislocation 

extraction algorithm (DXA) [149], which is combined in the OVITO package. In this project, 

all the atomistic simulations are implemented by using the open-source software package 

LAMMPS [89], which is initially developed by the Sandia National Laboratories and its 

partners. It is a particle-based powerful modeling of various materials and widely used tool. 
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3.2 Uniaxial tension of MNWs with randomly distributed solutes 

3.2.1 Ni-based binary alloy NWs 

The simulations start from Ni-based alloy systems, since they exhibit outstanding 

mechanical and electrochemical properties, and attract dramatic interest from researchers. 

Moreover, Ni-based alloys have been widely used in temperature and corrosion resistance 

applications [35], [150]–[152]. Thus, it is quite essential to understand the alloying behavior in 

Ni-based alloys, which will help to design novel Ni-based alloys in turn. 

 

Figure 18. Schematic illustration of the cylindric Ni-based alloy MNW models with solute atoms M (M = Cu or 

Co). The axial dirextion of the MNW is parrallel to the x-axis. 

In this project, various Ni-M (M is Cu or Co) single crystalline binary alloy NWs have 

been constructed by Atomsk [146]. Solute atoms M are randomly distributed in the NWs by 

substitution of Ni atoms, shown in Figure 18, in which, the green spheres represent the host Ni 

atoms, while the brown ones indicate the solute atoms. In all cases, the axial directions of the 

MNWs are set parallel to the x-axis. To understand the orientation effects on the solute 

softening phenomenon, various axial directions of Ni-Cu NWs have been constructed along 
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with 〈111〉 , 〈100〉  and 〈110〉 , since they are expected to be plastically deformed with 

different mechanisms[97], [98]. For Ni-Co systems, all the MNWs are set to 〈111〉-oriented. 

The diameter of all the Ni-based alloy NWs is ~4 nm, and the length-to-diameter ratio of each 

MNW is set to be ~3.3, which is similar to Refs. [77], [153]. 

Another critical variable for these models is the composition of the solute atoms in the 

alloy MNWs. According to the phase diagrams of the two alloy systems, the Ni-Cu is an 

isomorphous system with unlimited solubility at high temperatures [154], and so does the Ni-

Co system [155]. It is reasonable to investigate the two alloy systems in an abroad solute 

concentration range without worrying about the appearance of a secondary phase. The 

concentration of Cu ranges from 0 to 100 at.%, while the content of Co in the Ni-Co system is 

chosen from 1 to 60 at.% for comparison with Ref. [140]. Simplified labels are used to represent 

Ni-M MNWs: Ni-Mx-〈𝑢𝑣𝑤〉 is used for representing the Ni-M NWs, in which, x refers to the 

atomic fraction of the nominal solute atoms, and 〈𝑢𝑣𝑤〉 refers to the orientation of the NW 

axis. 

As for the interatomic force field, the embedded-atom method (EAM) potential developed 

by Onat and Durukanoğlu [156] has been used to evaluate the interactions of Ni and Cu binary 

alloy system, which was determined by fitting both experimental and first-principle data of Ni-

Cu system. For comparison of the effects of different potentials, three kinds of potentials have 

been employed for Ni-Co NWs: the Ni-Co system EAM potential developed by Mishin et al. 

[157] which has been used in Ref. [140]; the HEA system (CoCrCuFeNi) EAM potential 

developed by Deluigi et al. [158]; and the second-nearest-neighbor modified embedded-atom 
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method (2NN MEAM) potential for binary Ni-Co system developed by Kim et al. [159]. 

The MD simulations are then performed for each model by using the open-source software 

package LAMMPS [89] with a constant timestep (1 fs) throughout the whole simulation 

process. Periodic boundary condition is set to the MNW axial direction, while leaving the other 

directions as free surfaces. To relax the MNW structure, the constant-volume, constant energy 

ensemble (NVE) is firstly applied at room temperature (300 K) for a duration of 50 ps, followed 

by another relaxation at the same temperature by using the isothermal-isobaric (NPT) ensemble 

at zero pressure in the axial direction for another 50 ps. Thus, each MNW model can be 

sufficiently relaxed before uniaxial deformation is applied. 

After the relaxation, the uniaxial tension is performed for each MNW with a constant 

strain rate (109 s-1), combined with the canonical ensemble (NVT) at room temperature. The 

average atomic stresses in axial direction are calculated using the virial theorem [160]. Snap 

shots are taken during the tension process for post observation and analysis by OVITO [147]. 

3.2.2 Cu-Ag alloy NWs 

    The immiscible alloy system Cu-Ag has also been investigated to search for the softening 

phenomenon. Two types of models, Ag-Cux and Cu-Agy NWs have been created by Atomsk 

with similar size to the Ni-based alloy NWs and oriented with 〈111〉 direction. Solute atoms 

(Cu or Ag) are randomly distributed in the NW models with the concentration ranging from 1 

to 10 at.%. The EAM potential developed by Mishin et al. [161] is used to represent the 

interatomic interactions of the alloy system. All the other simulation details are the same as the 

Ni-Cu system, which has been described previously. 
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3.2.3 Complex alloy systems 

To investigate the softening phenomenon in complex alloy systems, an MEA alloy system 

CuFeNi and the corresponding HEA alloy system CoCrCuFeNi have been employed to 

perform uniaxial tensile testing. Copper is chosen as the solute in both alloy systems, with the 

concentration ranging from 12 to 48 at.%. The MNW model is shown in Figure 19. All the 

MEA and HEA NW axes are set to 〈111〉-oriented and created by random substitution method. 

 

Figure 19. Illustration of the MEA NW and HEA NW models, in which each element is randomly distributed in 

the NW model. (a) (NiFe)100-xCux 〈111〉-oriented NW model, atoms are randomly distributed in the NWs. (b) 

(CoCrNiFe)100-yCuy 〈111〉-oriented NW model. 

Each model is then tested by uniaxial tensile MD simulations with the same processes and 

conditions described in previous Ni-based alloy NW uniaxial tension. The EAM potential 

developed by Deluigi et al. [158] has been employed to evaluate the interatomic interactions 

for both MEA and HEA alloy NWs. 
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3.2.4 Generalized planar fault energy calculation 

In fcc MNWs, it is probably plastically deformed by slipping or twinning mechanisms 

which depend on the orientation and loading type [97]. The slipping is formed by the nucleation 

and propagation of the 
1

6
〈112〉 partial dislocations on the closest packed {111} planes. To 

form twin boundaries, the 
1

6
〈112〉 partial dislocations need to nucleate and propagate on the 

adjacent {111} planes [97]. Thus, the energy barriers of these two types of planar faults are 

believed to control the deformation and failure of MNWs [162].  

 

Figure 20. Illustration of the supercell for Ni-based alloy systems. The atomic sites are randomly occupied by Ni 

and M. 

To calculate the generalized planar fault energies, the method described in Refs. [163], 

[164] is followed. A rectangular supercell has been constructed with x, y and z axes oriented in 

〈112〉, 〈110〉 and 〈111〉 directions, respectively. The supercell contains 24000 atoms in total 

with a size of 86 × 50 × 61 nm3. For all alloy systems, the concentrations of solute atoms are 

the same as the corresponding uniaxial tension testing models. The atomic sites are randomly 

occupied by the corresponding solvent and solute atoms. Figure 20 shows an example of the 

supercell for Ni-based alloy systems, where the host atoms Ni and solutes M (M is Cu or Co) 
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are randomly distributed in the supercell. Supercells for NiFe-Cu and CoCrNiFe-Cu systems 

are the same size and random distribution of each element. 

    Periodic boundary conditions are set to 〈112〉  and 〈110〉  directions and leave the 

〈111〉 direction with free boundary condition. Each supercell is divided into top and bottom 

regions along with 〈111〉 direction, while each region contains half of the supercell. To form 

a stacking fault (SF), the bottom half is fixed, while the upper half is rigidly shifted in 〈112〉 

direction by small increments step by step until the total displacement reaches the length of the 

Burgers vector of the partial dislocation 𝑎0/√6 where a0 is the lattice constant of the supercell. 

Similarly, to form a twinning fault (TF), the SF regime and lower layers are fixed, then rigidly 

shifting the rest layers along with 〈112〉 direction in {111} plane by small increment until 

reaching displacement of 𝑎0/√6 . During the step-by-step shifting, the energy of each 

displacement is calculated by energy minimization with a conjugate gradient (CG) algorism. 

Then, the energies are used to calculate the corresponding stacking fault energy (SFE) and 

twinning fault energy (TFE). 

3.3 Hybrid molecular dynamics/Monte Carlo simulations 

3.3.1 Ni-based binary alloy NWs 

To understand the influence of solute distribution on the softening effect in Ni-based 

binary alloy NWs, hybrid molecular dynamics/Monte Carlo (MD/MC) simulations have been 

performed and followed by similar uniaxial tensile testing to investigate the mechanical 

behaviors after hybrid MD/MC simulations. Initially, periodic boundary condition is used in 
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all directions. The timestep is set to 1 fs. The structure of each MNW model is optimized by 

energy minimization using the CG algorithm. Then, each model is relaxed by using the NPT 

ensemble at 300 K under vacuum atmosphere for 50 ps. After the relaxation, hybrid MD/MC 

simulations are then implemented using the Metropolis algorism [165], with a smaller timestep 

0.1 fs to keep the stability of the system. One atom swap is performed every 10 MD steps. The 

duration of hybrid MD/MC is 5 million steps in total to make sure the sufficiency of atomic 

exchanges. The resulted models of hybrid MD/MC simulations are then served as the input 

models for post uniaxial tension simulations, in which all conditions are the same as previously 

described in section 3.2.1. 

3.3.2 The Cu-Ag alloy NWs 

In recent years, the immiscible Cu-Ag alloy system attracts massive interest due to its 

outstanding conductivity [166], [167] and optical properties [168]. In this project, the Cu-Ag 

alloy NWs are also employed to investigate the influence of solute concentrations on the yield 

strength of the NWs. The NW model size is similar to Ni-based alloy NWs in section 3.2.1. All 

the Cu-Ag alloy NW axes are oriented in 〈111〉 direction. The concentration of solute atoms 

ranges from 1 to 10 at.% whenever Cu or Ag serves as the solute. Initially, the solute atoms are 

randomly distributed in each NW model. Due to the immiscibility of the Cu-Ag alloy system, 

hybrid MD/MC simulations are performed to investigate the alloying effect on the NW strength. 

The EAM potential developed by Williams et al. [161] has been employed to evaluate the 

interatomic interactions for the Cu-Ag alloy system. All other conditions are the same as 

described in section 3.3.1 except the duration of hybrid the MD/MC process, where 3 million 
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timesteps are chosen since the lower concentration of solute atoms. 

3.3.3 The Mg-Al alloy NWs 

    Another interesting binary alloy system Mg-Al has also been chosen to investigate the 

alloying effect on strength caused by the addition of Al into the Mg matrix. An hcp Mg NW is 

firstly created by using Atomsk [146]. Then, some of the host sites are randomly substituted by 

solute atoms (Al or Mg), whose concentration ranges from 2 to 12 at.%. Each NW model has 

a similar size to the aforementioned Ni-based NWs. The EAM potential developed by 

Mendelev et al. [169] for Mg-Al binary alloy system is employed to represent the interatomic 

interactions. All the simulation processes and other parameters are the same as described for 

Cu-Ag alloy NWs in section 3.3.2.  
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Chapter Ⅳ Computational results and discussions 

4.1 Results of MNWs with randomly distributed solutes 

4.1.1 Results of Ni-based binary alloy NWs 

The uniaxial tension stress-strain curves of Ni-Cu NWs with different compositions and 

orientations are shown in Figure 21, in which the maximum strain for 〈111〉 - and 〈110〉 -

oriented NWs is 10%, shown in Figure 21 (a) and (c), respectively. While the maximum strain 

calculated for 〈100〉-oriented Ni-Cu NWs is set to 15%, shown in Figure 21 (d). Apparently, 

the yield point is easy to see and no strain hardening phenomenon can be observed in each Ni-

Cu NW model. The yield strength of each alloyed Ni-Cu NW is lower than the value of pure 

Ni NW and higher than the yield strength of the pure Cu NW model, no matter what the 

orientation of the NWs is. For the alloyed Ni-Cu NWs, it can be found that the higher copper 

concentration will result in lower yield strength, and the trend is applicable to all three different 

orientations. This trend is different from the typical solute solution hardening effect in bulk Ni-

Cu system where the strength of the alloy is higher than both pure Ni and Cu within a certain 

composition range, which is shown in Ref. [82]. 

The relationships between yield strength, Young’s modulus, and the solute concentration 

with respect to the NWs of three different orientations are shown in Figure 22 (a) and (b), 

respectively. Both yield strength and Young’s modulus are linearly reduced by increasing the 

copper concentration, which is applicable to all three orientations. The trend indicates that 

softening phenomenon is present in single crystalline Ni-Cu alloyed NWs, and higher copper 
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concentrations will linearly soften both yield strength and Young’s modulus. Moreover, the 

softening phenomenon is insensitive to NW orientations. However, a strengthening 

phenomenon can be obtained by reducing the copper concentration, which is quite special for 

the Ni-Cu alloy system, since the yield strength of the alloy NWs is linear to the solute 

composition and may not be observed in other alloy systems. 

 

Figure 21. Uniaxial tensile stress-strain curves of Ni-Cu NWs with different concentrations and orientations (a) 

〈111〉-oriented NWs, (c) 〈110〉-oriented NWs, and (d) 〈100〉-oriented NWs. (b) shows the nucleation of the first 

partial dislocation from the surface in the Ni-Cu30-〈111〉 NW, where red atoms represent SF, and the green line 

represents the partial dislocation. The diagrams illustrate that the Ni-Cu alloyed NWs are softened by increasing 

the Cu addition. 

It is well known that Young’s modulus is representative of the material’s stiffness and 

resistance to elastic deformation [82]. The softening in Young’s modulus will cause reduction 

in the stiffness of the material. Although the softening phenomenon can reduce the strength of 

the material, it may improve the ductility and toughness which has been proved by researchers 

[140]. In some cases, softening is very useful for improving ductility, such as the addition of 
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Re in W [141], [170], [171]. 

 

Figure 22. Comparison of the yield strength and Young's modulus of different oriented NWs against the copper 

concentration. (a) The yield strength 𝜎𝑦 of different oriented NWs is linearly softened by increasing the copper 

addition. (b) The Young’s modulus 𝐸𝑦 is also linearly softened by increasing the copper atoms, where the 𝐸𝑦 

values are obtained by calculating the slope of the strain interval 0~4%. 

 

Figure 23. Uniaxial tension results of Ni-Co NWs, in which Co atoms are randomly distributed, under different 

interatomic potentials: (a) shows the yield strength of Ni-Co alloyed NWs versus different Co concentrations; (b), 

(c) and (d) illustrate the variation of Young’s modulus under different Co concentrations. The Young’s moduli are 

obtained by calculating the slope of the strain interval 0~4%. 

To compare with the work that has been done by Bisht et al. [140], we performed MD 

simulations to investigate the softening effect of Ni-Co- 〈111〉 -oriented alloy NWs with 
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randomly distributed solutes under different potentials. Similar to Ni-Cu-〈111〉-oriented NWs, 

each Ni-Co alloyed NW yields by nucleation of partial dislocations without strain hardening. 

The results are shown in Figure 23, where (a) shows the variation of yield strength under 

different interatomic potentials. Apparently, the trends of yield strength against Co 

concentration are significantly different from each other. Both results of the EAM-Deluigi and 

MEAM-Kim exhibit softening phenomena. However, the results of EAM-Mishin exhibit an 

initial slight fluctuation until the concentration of Co comes to about 15-at.% and followed by 

a slight strengthening phenomenon. This non-monotonic chemical dependence of yield 

strength is also different from the behavior found by Bisht et al. [140], where they reported that 

the yield stress was dramatically reduced by increasing the Co concentration to 15-at.% and 

followed by an obvious strengthening trend by continuously increasing Co concentration to 60-

at.%. They argued that two competing effects were caused by the addition of solute atoms: the 

reduction effect on the nucleation of first dislocation which can be observed in the both EAM-

Deluigi and MEAM-Kim conditions but not in EAM-Mishin condition; the solute-induced 

friction hindering the dislocation motion after the formation of first dislocation. In this work, 

once the first partial is formed, the NW model yields and no strain hardening can be observed, 

which means that the yield behavior of Ni-Co alloyed NWs are controlled by the nucleation 

barrier of the first partial dislocation. Thus, for EAM-Deluigi and MEAM-Kim conditions, the 

existence of Co atoms reduces the energy barrier of first dislocation, while enhancing the 

dislocation energy barrier under EAM-Mishin condition. 

As for Young’s modulus, the corresponding curves of Young’s modulus with different 
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solute concentrations indicate the dramatically different effects of different potentials even 

using the same NW models. The Young’s modulus of EAM-Mishin condition is initially 

softened by increasing the Co concentration until the critical value 20-at.%, followed by a 

strengthening trend, which is consistent with the atomistic simulations done by Bisht et al. 

[140]. A similar transition from softening to strengthening in Young’s modulus can also be 

observed under EAM-Deluigi condition, but with a different critical Co concentration 40-at.%. 

However, the Young’s modulus is monotonously softened by continuously increasing the Co 

concentration. 

4.1.2 Results of Cu-Ag alloy NWs 

For the Cu-Ag alloy NWs, the yielding mechanism is the same as Ni-based NWs, which 

is partial dislocation nucleation. Moreover, no strain hardening can be observed, which means 

that the yield strength is the exact tensile strength for the alloyed NWs. The results for Cu-Ag 

alloy NWs with randomly distributed solute atoms are shown in Figure 24, where (a) shows 

that the yield strength of both cases has been softened by increasing the solute concentration, 

which is very interesting and unexpected. Each yield strength for case-Cu-Agy is higher than 

case-Ag-Cux, which is easy to understand that copper is much stronger than silver, especially 

for the 1 at.% solute concentration. However, by gradually increasing the solute concentration, 

the yield strength for case-Cu-Agy drops severely faster than the counterpart case-Ag-Cux. The 

two yield strength values are very close for two cases when the solute concentration comes to 

10 at.%. This bidirectional softening phenomenon is absolutely different from the monotonous 

softening trend. The Young’s modulus gradually drops from 173.80 to 160.82 GPa while 
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increasing the Ag concentration in Cu-Agy NWs. However, the slight increase of Young’s 

modulus from 112.36 (Cu-1 at.%) to 115.34 GPa (Cu-3 at.%) can be observed and followed by 

a flat region until the Cu concentration comes to 8 at.%. Finally, the Young’s modulus is 

enhanced to 119.91 GPa when the copper concentration is 10 at.%. Thus, the overall trend for 

Young’s modulus in case-Ag-Cux is strengthened. 

 

Figure 24. Uniaxial tension results for Ag-Cu alloy system: (a) shows the relationship between yield strength and 

solute concentration; (b) illustrates the relationship between Young's modulus and solute concentration. The 

Young’s modulus values are obtained by calculating the slope of the strain interval 0~2%, which is different from 

the other alloyed NWs for the low yield strain. 

4.1.3 Results of MEA and HEA NWs 

To understand the chemical complexity effect on the softening phenomenon, the 〈111〉-

oriented MEA (NiFe-Cux) and HEA (CoCrNiFe-Cuy) NWs, in which solute atoms Cu are 

randomly distributed in each NW model, have been used to perform uniaxial tension 

simulations. Similar to the single crystalline Ni-based NWs, all these 〈111〉-oriented MEA and 

HEA NWs yield by the nucleation of the first partial dislocation and without strain hardening 

phenomenon, which can be observed from the stress-strain curves, shown in Figure 25 (a) and 

(b), respectively. By increasing the copper concentration, both the curve slopes and yield point 
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are reduced.  

 

Figure 25. Results of uniaxial tensile simulations of solute randomly distributed MEA and HEA NWs: (a) and (b) 

represent the stress-strain curves of the MEA and HEA NWs, respectively; (c) comparison of yield strength versus 

copper concentration between the MEA and HEA NWs; (d) comparison of the composition dependence of Young’s 

modulus between the MEA and HEA NWs. 

The results of yield strength and Young’s modulus against copper concentration are shown 

in Figure 25 (c) and (d), respectively. Apparently, both the yield strength and Young’s modulus 

are monotonously softened by increasing the copper concentration in the MEA and HEA NWs. 

Moreover, the addition of Co and Cr can soften the NW in yield strength at the same copper 

composition (shown in Figure 25 (c)), while enhancing the Young’s modulus (shown in Figure 

25 (d)), which means that the existence of Co and Cr atoms makes the NWs stiffer but weaker. 

The phenomenon of softening the yield strength and strengthening the Young’s modulus at the 

same Cu concentration is quite interesting and somewhat unexpected. The underlying 
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mechanism will be discussed later. 

4.1.4 Results of planar fault energy calculations 

4.1.4.1 Energy barriers for Ni-based alloy system 

 

Figure 26. Illustration of the formation of an intrinsic stacking fault (a) and twinning fault (b). 

 

Figure 27. Results of planar fault energy calculation: (a) planar fault energy curves for Ni-Cu alloyed models, 

and pure Ni and Cu models; (b) and (c) illustrate the unstable stacking fault (USF) state and unstable twinning 

fault (UTF) state, respectively. 

For the Ni-Cu alloy system, all the planar faulty energy for Ni-Cu alloy and pure Ni and 

Cu have been calculated via step-by-step displacement method, shown in Figure 26. It shows 

the formation of an intrinsic stacking fault (ISF) and twinning fault (TF), which both are formed 
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by the slip along with 〈112〉 direction in the {111} planes. The difference is that the formation 

of a TF is caused by the either upper or lower layer slipping adjacent to the SF region. Thus, a 

stacking fault must be formed prior to the formation of a twin boundary by continuously 

slipping on adjacent {111} plane [97], which is the reason that the yielding mechanism is 

caused by the nucleation of the first partial dislocation in fcc metals. 

The planar fault energy curves are shown in Figure 27 (a), where two peaks and a valley 

can be observed. The first peak is defined as the unstable stacking fault energy (𝛾𝑈𝑆𝐹), which 

represents the unstable state during the formation of a SF, shown in Figure 27 (b). It is believed 

to be the energy barrier that controls the formation of a SF [162]. The valley of the curves is 

called the intrinsic stacking fault energy (𝛾𝐼𝑆𝐹 ), which indicates the energy difference of 

forming an intrinsic stacking fault (ISF). The second peak is defined as the unstable twinning 

fault energy (𝛾𝑈𝑇𝐹), shown in Figure 27 (c), which means the energy barrier for the formation 

of a twin. All the corresponding critical planar fault energy values for the Ni-Cu alloy system 

are listed in Table 1. According to the planar fault energy curves, all the values of 𝛾𝑈𝑆𝐹, 𝛾𝐼𝑆𝐹 

and 𝛾𝑈𝑇𝐹  of pure Ni are much higher than pure Cu, which means the energy barriers of 

forming a SF and TF for pure Ni are much higher than pure Cu. And for each model, the 𝛾𝑈𝑇𝐹 

value is higher than 𝛾𝑈𝑆𝐹, which indicates that it is tougher to form a twin than a SF. Thus, the 

𝛾𝑈𝑇𝐹 values are considered as the controller of yielding behavior for Ni-based alloy NWs. 

Moreover, for Ni-Cu alloys, the energy barriers for both forming a SF and TF are monotonously 

reduced by increasing the copper concentration, indicating that higher copper concentration 

facilitates the formation of planar faults. 
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Table 1. Summarized energy barriers for SF, ISF, and TF in Ni-Cu alloy NWs. The 0 and 100 at.% Cu concentration refer to pure Ni and Cu cases, respectively. 

Cu Content, at.% 0 10 20 30 40 50 60 70 80 90 100 

𝛾𝑈𝑆𝐹, mJ/m2 273.28 262.41 249.34 238.11 229.07 214.66 201.55 190.90 178.12 166.74 158.54 

𝛾𝐼𝑆𝐹, mJ/m2 126.03 116.81 105.41 93.96 87.19 74.79 66.25 61.95 53.14 48.15 45.18 

𝛾𝑈𝑇𝐹, mJ/m2 334.86 317.44 302.17 284.36 269.25 253.60 234.57 223.20 209.11 195.56 185.09 

 

Table 2. Summarized energy barriers for the SF, ISF, and TF in Ni-Co alloy NWs under three different potentials, where Mishin, Kim and Deluigi refer to the 

potentials developed by Mishin et al. [157], Kim et al. [159], and Deluigi et al. [158], respectively. 

Co Content, at.% 1 5 10 15 20 30 40 60 

𝛾𝑈𝑆𝐹, mJ/m2 

Mishin 300.21 311.09 333.11 359.68 382.55 416.98 466.51 470.36 

Kim 472.70 471.46 469.92 409.29 465.24 424.70 451.96 433.29 

Deluigi 364.06 356.16 347.31 335.82 323.36 303.32 277.90 227.65 

𝛾𝐼𝑆𝐹, mJ/m2 

Mishin 136.16 147.00 172.87 204.04 229.32 263.47 326.75 326.91 

Kim 123.33 116.79 109.88 60.94 92.55 55.40 60.59 34.42 

Deluigi 124.69 123.75 122.19 119.58 115.86 109.56 99.56 75.76 

𝛾𝑈𝑇𝐹, mJ/m2 

Mishin 365.47 377.34 404.51 456.75 485.55 542.73 610.97 612.15 

Kim 546.93 542.55 537.38 449.01 523.89 463.89 498.00 464.84 

Deluigi 433.18 424.62 416.32 403.33 390.47 369.18 343.36 283.00 
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    For the Ni-Co alloy system, the planar fault energy curves are similar to those for Ni-Cu 

binary alloy system. All the 𝛾𝑈𝑆𝐹, 𝛾𝐼𝑆𝐹 and 𝛾𝑈𝑇𝐹 values are listed in Table 2, respectively. 

For case-Mishin, all the energy barriers are monotonously increased with higher Co 

concentration, which indicates that more Co atoms can impede the formation of planar faults. 

For case-Kim, the energy barriers gradually decrease by increasing the Co concentration from 

1 to 60 at.%, except 15 and 30 at.%. However, it follows the general reduction trend for the 

energy barriers of case-Kim. In contrast to case-Mishin, the energy barriers are monotonously 

reduced with higher Co concentration. All calculations are performed under the same 

conditions. Thus, the differences between the results of different potentials can only be 

attributed to the nature of the potentials. 

4.1.4.2 Energy barriers for the MEA and HEA systems 

For the MEA systems, the atomic sites in the supercell are randomly occupied by Ni, Fe, 

and Cu atoms. Similarly, Co, Cr, Ni, Fe, and Cu atoms are randomly distributed inside the HEA 

supercell for the planar fault energy calculations. All the 𝛾𝑈𝑆𝐹, 𝛾𝐼𝑆𝐹 and 𝛾𝑈𝑇𝐹 values for the 

MEA and HEA systems are listed in Table 3, respectively. All the energy barriers are 

continuously reduced by increasing the Cu concentration for both alloy systems. For the 

comparison of two alloy systems, the addition of Co and Cr atoms dramatically decreases each 

energy barrier for the same Cu concentration, indicating that the existence of Co and Cr atoms 

reduces the energy barriers both for the formation of SF and TF. Thus, compared to the MEA 

system, it is easier to nucleate the first partial dislocation when the Cu concentration is the 

same, which is consistent with the trend of the yield strength for both alloy systems. 
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As for the difference between the highest energy barriers for SF and TF (Cu-12 at.%) and 

the lowest one (Cu-48 at.%), the MEA system reveals larger differences in both planar fault 

energy barriers, which indicates the existence of Co and Cr atoms can slow down the reduction 

of SF and TF energy barriers caused by increasing the Cu concentration. All the trends can be 

observed in Table 3. 

Table 3. Summarized energy barriers for the MEA and HEA systems, where MEA refers to the 

(NiFe)-Cux alloy system, and HEA refers to the (CoCrNiFe)-Cuy alloy system. 

Cu Content, at.% 12 20 28 40 48 

𝛾𝑈𝑆𝐹, 

mJ/m2 

MEA 366.62 351.46 344.14 324.40 302.32 

HEA 280.46 277.83 268.25 257.33 256.05 

𝛾𝐼𝑆𝐹, 

mJ/m2 

MEA 85.70 78.93 77.90 70.88 59.63 

HEA 60.76 61.93 55.80 54.19 55.16 

𝛾𝑈𝑇𝐹, 

mJ/m2 

MEA 410.56 393.05 375.74 357.86 333.97 

HEA 323.67 320.85 309.79 300.80 299.92 

4.2 Results of hybrid MD/MC simulations 

4.2.1 Results of Ni-based alloy NWs with MD/MC 

Hybrid MD/MC simulations have been used to investigate the solute distribution effects 

on the solid solution softening phenomenon in 〈111〉 -oriented Ni-based alloy NWs. As 

expected, the solute atom distribution has been changed after hybrid MD/MC simulations for 

Ni-Cu alloy NWs, which can be seen in Figure 28. Apparently, the Cu atoms migrate to the 

surface of the NW, while Ni atoms concentrate in the center of the NW. Thus, a core-shell 

structure has been formed by atomic swapping processes, shown in Figure 28. This surface 

segregation behavior can be attributed to the nature of the free surface of the cylindrical NWs 
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[172]–[174], which can stabilize the NW by lowering the surface energy, compared to the initial 

random solute distribution. 

 

Figure 28. Illustration of Ni-Cu NWs after hybrid MD/MC simulations. (a) shows that Cu atoms migrate to the 

surface of the NW, and Ni atoms are located in the center. (b) shows the schematic core-shell structure of Ni-Cu 

NWs after hybrid MD/MC simulations. 

 

Figure 29. Results of uniaxial tensile yield strength and Young’s modulus for 〈111〉-oriented Ni-Cu alloy NWs 

after hybrid MD/MC simulations. 

After hybrid MD/MC simulations, each 〈111〉 -oriented Ni-Cu alloy NWs has been 

uniaxially deformed with a constant strain rate. Each NW yields by the nucleation of 
1

6
〈112〉 

partial dislocation, which is the same as solute randomly distributed NWs without hybrid 

MD/MC simulations. The yield strength and Young’s modulus are calculated and shown in 
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Figure 29 (a) and (b), respectively. The Young’s modulus values are obtained by calculating 

the slope of the strain interval 0~4%. It shows that both yield strength and Young’s modulus 

are monotonously softened by increasing the copper concentration, which is the same as the 

results of non-MD/MC simulations, indicating that solute distribution has no relation to the 

softening phenomenon for Ni-Cu alloy NWs, although the model structure has been changed 

to core-shell after hybrid MD/MC simulations. 

 

Figure 30. Solute distributions after hybrid MD/MC simulations. (a) shows that Co clusters are formed after 

hybrid MD/MC simulations for case-Mishin. (b) and (c) illustrate that Co atoms are still randomly distributed in 

the NWs after hybrid MD/MC simulations for case-Kim and -Deluigi, respectively. 

As for the 〈111〉 -oriented Ni-Co alloy NWs, different distribution patterns have been 

observed under different potentials, shown in Figure 30. It shows the solute distributions under 

three different potentials after hybrid MD/MC simulations. For case-Mishin, Co small clusters 

have been formed after hybrid MD/MC simulations. However, solute atoms are still randomly 

distributed in the NWs for case-Kim and -Deluigi. The difference can only be attributed to the 

different natures of the potentials. 
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Figure 31. Mechanical properties of Ni-Co alloy NWs under three different potentials after hybrid MD/MC 

simulations. (a) shows the yield strength of three cases. (b), (c) and (d) illustrate the Young's modulus trends 

against Co concentration of three different cases, respectively. 

The mechanical properties of Ni-Co alloy NWs are shown in Figure 31, where (a) shows 

the variation of yield strength with increased Co concentration. For both case-Kim and -Deluigi, 

the yield strength has been monotonically softened by increasing the solute concentration, 

which is consistent with the randomly distributed solute results aforementioned. However, it 

softens initially with higher Co concentration until 20 at.%, where it reveals the lowest yield 

strength. Then, the NWs are strengthened by increasing the Co concentration and revealing the 

highest value at Co-40 at.%, followed by a reduction in yield strength again. The trend for case-

Mishin here is dramatically different to the solute randomly distributed case and is also 

inconsistent with the description in Ref. [140], where it shows monotonous increase trend after 

the lowest yield strength. The Young’s modulus after hybrid MD/MC simulations behaves the 
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same as non-MD/MC cases for both case-Kim and -Deluigi. But it is different from non-

MD/MC conditions for case-Mishin. The trend for Young’s modulus is similar to the variating 

behavior of yield strength. The lowest Young’s modulus can be observed at Co-20 at.%, while 

the highest value can be found at Co-40 at.%. 

4.2.2 Results of Cu-Ag alloy NWs with MD/MC 

For the Cu-Ag alloy NWs, the solute distribution has been changed after the hybrid 

MD/MC simulations, shown in Figure 32 (a) and (b), respectively. When Cu serves as the solute 

in the NW, there are some small copper clusters formed by the MD/MC process. However, 

silver atoms will migrate to the surface of the NW after MD/MC, when they serve as the solute 

atoms. The surface segregation behavior can lower the system energy which makes it more 

stable compared to the solute random distribution.  

The yield strength and Young’s modulus of Cu-Ag alloy NWs after hybrid MD/MC 

simulations are shown in Figure 33 (a) and (b), respectively. For case-Cu-Agy, where Ag is the 

solute, the yield strength has been greatly reduced from 11.19 GPa at Ag-1 at.% to 7.33 GPa at 

Ag-10 at.%. Although a monotonous softening phenomenon can also be observed for case-Ag-

Cux, it only drops from 4.97 GPa at Cu-1 at.% to 3.74 GPa at Cu-10 at.%, which indicates that 

the addition of Ag into Cu-NWs has higher influence on yield strength compared to additional 

Cu atom in Ag-NWs. Similarly, the addition of Cu atoms has less influence on the Young’s 

modulus for case-Ag-Cux, compared to the opposite case. Obvious softening in Young’s 

modulus can only be observed when the Cu concentration is higher than 8 at.%. But for case-

Cu-Agy, the Young’s modulus is monotonously softened by increasing the Ag concentration, 



 

60 

 

from 175.25 GPa at Ag-1 at.% to 159.66 GPa at Ag-10 at.%. The origination of the softening 

phenomenon in the Cu-Ag system will be discussed in the next chapter.     

 

Figure 32. Solute distribution of the Cu-Ag alloy NWs after hybrid MD/MC simulations. (a) and (b) refer to the 

case-Ag-Cux and case-Cu-Agy, respectively. 

 

Figure 33. Mechanical properties of Cu-Ag alloy NWs after hybrid MD/MC simulations. (a) and (b) illustrate the 

yield strength and Young’s modulus variations with increasing the solute concentration, respectively. 

4.2.3 Results of Mg-Al system 

For case-Mg-Alx, whose initial structure is hcp, Al atoms will concentrate in some regions, 

shown in Figure 34 (a). However, phase transformation can be observed when the Al 

concentration is equal to or higher than 6 at.%, shown in Figure 34 (b). No secondary phase 

can be formed by hybrid MD/MC simulations when the solute (Al) concentration is lower than 

10 at.%. Moreover, the surface becomes unsmooth near the regions where phase transformation 
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happens, indicating that dislocations may exist after the MD/MC treatment. As for case-Al-

Mgy, solute (Mg) atoms migrate to the surface of the NW, and homogeneously distribute at the 

outmost shell, shown in Figure 34 (c). In the meantime, Al atoms will concentrate inside the 

alloy NW. According to the CNA, all the NWs are still kept pure fcc structure after hybrid 

MD/MC simulations, even the solute (Mg) concentration comes to 12 at.%. No residual 

dislocations can be observed before the yielding of the case-Al-Mgy alloy NWs. 

 

Figure 34. Structures of Mg-Alx and Al-Mgy NWs after hybrid MD/MC simulations. (a) shows the solute (Mg-

Al 10 at.%) atoms concentrate in some regions which have been circled by red voals. (b) shows that bcc, fcc and 

amorphous phases have been formed after hybrid MD/MC simulations of the Mg-Al 10 at.% NW. (c) indicates 

that Mg atoms migrate to the surface of the NW after hybrid MD/MC simulation for Al-Mg 12 at.%. 

    The mechanical properties of the Mg-Al alloy NWs are shown in Figure 35. For case-Mg-

Alx, strain hardening can be observed, especially when the Al concentration is higher than 4 

at.%, shown in Figure 35 (a). Moreover, residual dislocations can be observed in NWs when 

Al concentration is higher than 6 at.%. Thus, the yield strength can be obtained by the 0.2% 

offset method. In contrast, obvious yielding behavior can be observed in case-Al-Mgy, shown 
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in Figure 35 (b), which means that the yield stress can be considered as the yield strength. The 

yield strength for both cases is shown in Figure 35 (c). Apparently, the yield strength for both 

cases has been softened by increasing the solute concentration, although there is no obvious 

reduction in the yield strength when the Mg concentration is lower than 6 at.% for case-Al-

Mgy. And for case-Mg-Alx, an obvious reduction in yield strength can be observed at any solute 

concentration interval. As for the Young’s modulus, it is softened with higher Al concentration 

for case-Mg-Alx, although there are some fluctuations for higher solute concentration. 

However, for case-Al-Mgy, the Young’s modulus softened from 97.48 GPa at Mg-2 at.% to 

89.43 GPa at Mg-4 at.%, then it is gradually strengthened to 97.03 GPa at Mg-8 at.%. Finally, 

the Young’s modulus is continuously softened to 81.56 GPa at Mg-12 at.%. 

 
Figure 35. Mechanical properties after hybrid MD/MC simulations of Mg-Al binary alloy NWs. (a) and (b) are 

the stress-strain curves of case-Mg-Alx and case-Al-Mgy, respectively. (c) and (d) represent the yield strength and 

Young’s modulus for both cases, respectively.  
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4.3 Discussions 

4.3.1 Softening in Ni-based alloy NWs 

As described in section 4.1.1, both yield strength and Young’s modulus are monotonously 

reduced by increasing the Cu concentration, which indicates the alloy NWs are softened by 

adding more copper atoms. All the Ni-Cu alloy NWs, pure Ni and Cu NWs are yielded by the 

nucleation of 
1

6
〈112〉  partial dislocation, no matter what the NW orientation is, which is 

consistent with the work done by Park et al. [97]. Nevertheless, the nucleation of the partial 

dislocation is controlled by the energy barrier for the formation of a SF [162].  

 
Figure 36. (a) shows the relationship of yield strength and unstable stacking fault energy 𝛾𝑈𝑆𝐹 with solute (Cu) 

concentration. The insert shows the linear relationship between yield strength and 𝛾𝑈𝑆𝐹 . (b) shows the 

Comparison of the yield strength of the 〈111〉 -oriented Ni-Cu alloy NWs between with and without hybrid 

MD/MC simulations. 

    As is shown in Figure 36 (a), both yield strength and unstable stacking fault energy 𝛾𝑈𝑆𝐹 

are monotonically reduced with Cu concentration increase, although there are some 

fluctuations in yield strength. Thus, the yield strength of the Ni-Cu NWs will be strengthened 

if reducing the Cu concentration, in turn. So does for the 𝛾𝑈𝑆𝐹. The insert diagram indicates 

that the yield strength and 𝛾𝑈𝑆𝐹 are linearly related to each other, which confirms that the 

softening of Ni-Cu NWs originates from the reduction of 𝛾𝑈𝑆𝐹  by increasing the Cu 
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concentration. Thus, the addition of copper atoms facilitates the nucleation of the 
1

6
〈112〉 

partial dislocation, which induces the softening phenomenon that happens in the alloyed Ni-

Cu NWs. For the NWs after MD/MC simulations, the yield strength is also linearly softened 

by increasing the Cu concentration, shown in Figure 36 (b) , which means that the addition of 

Cu atoms softens the NWs even though the solute distribution has been changed.  

 

 

Figure 37. Results of yield strength and 𝛾𝑈𝑆𝐹  vs Co concentration of three different cases. (a), (b) and (c) 

illustrate the trend of both yield strength and SF energy barriers for case-Mishin, case-Deluigi and case-Kim, 

respectively. 

The yield strength and 𝛾𝑈𝑆𝐹 versus solute concentration behaviors of three different case 

Ni-Co alloy NWs are shown in Figure 37. Accordingly, all three cases reveal that the yield 

strength and 𝛾𝑈𝑆𝐹 follow the same overall relationship with solute concentration, although 

there are some dramatic deviations in some 𝛾𝑈𝑆𝐹 or yield strength values, for instance, the 

dramatic fluctuations in yield strength for case-Mishin-random compared to its 𝛾𝑈𝑆𝐹 values, 
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and great deviations in 𝛾𝑈𝑆𝐹  values for case-Kim-random compared to its yield strength. 

While the case-Deluigi-random behaves like the Ni-Cu NWs, both yield strength and 𝛾𝑈𝑆𝐹 are 

monotonously reduced with increasing the Co concentration. Thus, all these results indicate 

that the 𝛾𝑈𝑆𝐹 is an important, but not the only parameter for determining the yield strength. 

There must be other parameters that control the yielding behavior of the NWs. 

As for the Ni-Co NW models after hybrid MD/MC simulations, the yield strength for both 

case-Kim-MD/MC and case-Deluigi-MD/MC behave the same as non-MD/MC cases. 

However, the yield strength-Co concentration curve has been dramatically changed after 

MD/MC treatment, which indicates that the solute distribution does affect the nucleation of the 

first partial dislocation. In this work, all the Ni-based alloy NWs yield by the mechanism of 

surface nucleation of first partial dislocation, and the 𝛾𝑈𝑆𝐹 is believed to be the energy barrier 

of a partial dislocation [162]. It has been reported that atomic friction stress [139], [140] and 

atomic lattice distortion [175] may also affect the yielding behavior of fcc metals. As described 

by Bisht et al. [140], the atomic friction will affect the dislocation motion after its first 

nucleation, which causes the transition from softening to strengthening in the Ni-Co alloy 

nanoparticles with higher Co concentration. However, this description cannot explain the 

transition from softening to strengthening in MD/MC treated Ni-Co alloy NWs in case-Mishin-

MD/MC, since the yielding happens when the nucleation of the first dislocation occurs, and no 

strain hardening can be observed, which means that atomic friction can enhance the yield 

strength in this scenario.  

The atomic size misfit 𝛿 values are calculated using Eq. (8) and (9) [176]: 
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𝛿 = √∑ 𝑐𝑖 (1 −
𝑟𝑖

𝑟̅
)

2
𝑛
𝑖=1                         Eq. (8) 

𝑟̅ = ∑ 𝑐𝑖𝑟𝑖
𝑛
𝑖=1                             Eq. (9) 

where, n indicates the number of elements; i represents the ith element; 𝑐𝑖  is the atomic 

fraction of the ith element; 𝑟𝑖 is the radius of the ith element; and 𝑟̅ is the average atomic 

radius of the system, which is evaluated by Eq. (9). The atomic radius for Ni and Co are taken 

from the Ref. [177], which are 124 pm and 125 pm, respectively. For each Co concentration 

ranging from 1 to 60 at.%, the atomic size misfit is lower than 0.4%, which is a relatively 

negligible value. Thus, the strengthening for case-Mishin-random and softening for case-Kim-

random and -Deluigi-random can all be explained by the increase and reduction in 𝛾𝑈𝑆𝐹.  

 

Figure 38. Solute Co distribution after hybrid MD/MC simulations for each Ni-Co alloy NW model for case-

Mishin. Small clusters can be observed. 

The softening in case-Mishin-MD/MC when Co concentration ranges from 1 to 20 at.% 

can be explained by the clustering of solute atoms. After hybrid MD/MC simulations, there are 

some small clusters inside the NW model. Larger clusters can be obtained by increasing the Co 

concentration, as shown in Figure 38. And these clusters are believed to decrease the nucleation 

barrier of the first partial dislocation in such single crystal NWs, because of the reduction in 
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host-solute bonds which can reinforce the NWs by increasing the 𝛾𝑈𝑆𝐹. Thus, the transition 

from softening to strengthening can be explained by the competing of two opposite effects: 

first, clustering softens the partial dislocation nucleation energy barrier which dominates the 

softening in case-Mishin-MD/MC when the solute concentration is lower than the critical value; 

second, higher solute concentration enhances the 𝛾𝑈𝑆𝐹 values, which may increase the energy 

barrier of first partial nucleation and dominates the solute strengthening behavior. 

4.3.2 Softening in MEA and HEA NWs 

 
Figure 39. Softening in MEA and HEA NWs. (a) and (b) show that both yield strength and 𝛾𝑈𝑆𝐹  are 

monotonously reduced by increasing the Cu concentration for case-MEA and -HEA, respectively. (c) and (d) 

represent the relationship between yield strength and 𝛾𝑈𝑆𝐹 for both cases, respectively. 

In the solute randomly distributed MEA NWs and HEA NWs, the yield strength is the 

same as the stress when the first partial is formed. Both yield strength and 𝛾𝑈𝑆𝐹 for each case 

are monotonously reduced by increasing the solute concentration from 12 to 48 at.%, which 

can be seen from Figure 39 (a) and (b), which shows the similarity with Ni-Cu alloy NWs. The 

relationship between yield strength and 𝛾𝑈𝑆𝐹 are shown in Figure 39 (c) and (d) for case-MEA 



 

68 

 

and -HEA, respectively. Apparently, they are linearly related to each other in both cases, which 

indicates that the softening in the MEA and HEA NWs can be attributed to the reduction of 

𝛾𝑈𝑆𝐹 , the partial dislocation nucleation energy barrier, by increasing the Cu concentration. 

Comparing the 𝛾𝑈𝑆𝐹 values for both cases, each MEA model has much higher dislocation 

energy barrier than its counterparts of HEA NWs with the same Cu concentration, which also 

confirms that the addition of Co and Cr atoms, and reduction of Ni atoms at the same Cu 

concentration will soften the NW as well. 

 

Figure 40. Atomic size misfit calculated results for case-MEA and -HEA NWs. For both cases, the variation of 

atomic size misfit is relatively small and negligible, especially for case-HEA. 

The atomic size misfit calculated by Eq. (8) and (9) for both cases is shown in Figure 40, 

where the atomic radius values are taken from Ref. [177], for Co 125 pm, Cr 128 pm, Ni 124 

pm, Fe 126 pm, and Cu 128 pm. It shows that the atomic size misfit for case-MEA becomes 

larger from 1.08% at Cu-12 at.% to 1.32% at Cu-40 and 48 at.%. The variation is relatively 

small and negligible for both cases, especially for case-HEA. But the atomic size misfit can be 

used to explain the slight deviation of the yield strength with the increase of Cu concentration. 

For instance, the slope of yield strength vs Cu concentration for the interval of Cu-12 to 20 at.% 

is smaller than the interval of Cu-20 to 40 at.%, which can be attributed to the smaller atomic 
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size misfit value in the initial Cu concentration interval. Thus, the primary softening origination 

in the MEA and HEA NWs in this work is due to the lower 𝛾𝑈𝑆𝐹 caused by adding more Cu 

atoms. The atomic size misfit has a very finite effect on the yielding behavior of the MEA and 

HEA NWs.  

4.3.3 Softening in Cu-Ag alloy NWs 

Softening phenomenon can also be observed in the immiscible alloy system Cu-Ag. 

However, with either Cu or Ag as the solute atoms, the alloyed NWs are all softened with 

higher solute concentration, which is dramatically different to the monotonous softening in Ni-

Cu alloy NWs. To investigate the softening originations in Cu-Ag alloy NWs, the generalized 

planar fault energies have also been calculated by using the same method described in section 

3.2.4. The results are shown in Table 4. For case-Ag-Cux, by varying the Cu concentration 

from 1 to 10 at.%, the 𝛾𝑈𝑆𝐹  values only reduce from 112.83 to 110.00 mJ/m2, which is 

negligible compared to the variation of 𝛾𝑈𝑆𝐹 caused by increasing Ag atoms for case-Cu-Agy, 

varying from 160.00 to 144.01 mJ/m2. Thus, the softening effect caused by variation of 𝛾𝑈𝑆𝐹 

for case-Ag-Cux is negligible. 

To evaluate the influence of atomic size misfit, the 𝛿 values for both cases have been 

calculated by using Eq. (8) and (9), where the atomic radii, Cu for 128 pm and Ag for 144 pm, 

are taken from Ref. [177]. The results of atomic size misfit are shown in Figure 41 (a) and (b) 

for case-Ag-Cux and -Cu-Agy, respectively. Apparently, the atomic size misfit has been 

enhanced by increasing solute concentration, while the yield strength is reduced for both cases, 

which follows the statement that atomic size misfit aids the nucleation of the first partial 
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dislocation for single crystalline MNWs. The atomic size misfit is much more significant to 

induce softening phenomenon, compared to the values for the Ni-based alloy, MEA, and HEA 

cases. 

Table 4. Summarized planar fault energies for Cu-Ag alloy system. 

Solute (Cu or Ag) 

Content, at.% 
1 3 5 8 10 

𝛾𝑈𝑆𝐹, 

mJ/m2 

Ag-Cux 112.83 112.50 111.83 110.80 110.00 

Cu-Agy 160.00 150.93 149.54 148.35 144.01 

𝛾𝐼𝑆𝐹, 

mJ/m2 

Ag-Cux 21.12 19.67 18.08 16.46 14.47 

Cu-Agy 49.35 45.28 42.92 42.32 38.52 

𝛾𝑈𝑇𝐹, 

mJ/m2 

Ag-Cux 125.59 124.18 122.15 120.97 118.42 

Cu-Agy 185.15 177.24 172.4 174.03 39.38 

As described previously, the variation of 𝛾𝑈𝑆𝐹  is negligible for case-Ag-Cux, which 

means that the atomic size misfit dominates the softening phenomenon in Ag-Cu alloy NWs, 

confirmed by Figure 41 (c). It shows the relationship between yield strength and atomic size 

misfit for case-Ag-Cux. Obviously, they are negatively and linearly related to each other with 

the R-square value as high as 0.97, indicating that the yield strength is highly dependent on the 

atomic size misfit for Ag-Cu alloy NWs. 

For case-Cu-Agy, Figure 41 (d) and (e) illustrate the relationship between yield strength 

and atomic size misfit, and the relationship between yield strength and 𝛾𝑈𝑆𝐹 , respectively. 

Figure 41 (d) indicates that the yield strength is negatively and linearly related to the atomic 

size misfit with the R-square value as high as 0.99. However, the variation of 𝛾𝑈𝑆𝐹 is much 

more significant compared to the case-Ag-Cux and has a positive effect on the yield strength. 
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But the R-square value is only 0.88, which is much lower than the value for atomic size misfit. 

Hence, the softening in Cu-Ag alloy NWs has two sources: first, the reduction of 𝛾𝑈𝑆𝐹 caused 

by increasing Ag concentration; second, the increase of atomic size misfit with higher Ag 

concentration. Nevertheless, the atomic size misfit dominates the softening phenomenon in Cu-

Ag alloy NWs. 

 

Figure 41. Results of Cu-Ag alloy NWs. (a) and (b) represent the relationship between atomic size misfit and the 

solute concentration, and the relationship between yield strength and solute concentration for both cases, 

respectively. (c) and (d) illustrate the relationship between yield strength and atomic size misfit for both cases, 

respectively. (e) shows the relationship between yield strength and 𝛾𝑈𝑆𝐹 for case-Cu-Agy. 

4.3.4 Softening in Mg-Al alloy NWs 

    For the case-Mg-Alx, where Al atoms serve as the solute, the softening in yield strength 

can be attributed to the combined effect of phase transformation and atomic size misfit. The 

atomic size misfit for both cases is calculated by Eq. (8) and (9), and the atomic radii 160 pm 

for Mg and 143 pm for Al are taken from Ref. [177]. Figure 42 (a) shows that higher atomic 
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size misfit causes softening in yield strength. Figure 42 (c) confirms that the yield strength of 

Mg-Alx NWs is highly dependent on the atomic size misfit. Another factor may also affect the 

yield strength of case-Mg-Alx, which is the formation of a secondary phase and the solute 

clustering described in section 4.2.3. 

 

Figure 42. Results of Al-Mg alloy NWs. (a) and (b) show the relationship between atomic size misfit and solute 

concentration, and the relationship between yield strength and solute concentration for case-Mg-Alx and case-Al-

Mgy, respectively. (c), (d) and (e) illustrate the correlation between yield strength and atomic size misfit and 𝛾𝑈𝑆𝐹 

for both cases, respectively. The 𝛾𝑈𝑆𝐹 values are obtained by using the same calculation method described in 

section 3.2.4. 

For case-Al-Mgy, after hybrid MD/MC simulations, solute atoms migrate to the surface 

of the NWs, which reduces the host-solute bonding. This can be used to explain the very slight 

variation of yield strength until the solute concentration comes to Mg-6 at.%, after which 

obvious softening can be observed. The results are shown in Figure 42 (b), (d), and (e). There 

are two regions in both Figure 42 (d) and (e), where Region-1 refers to the solute concentration 

no more than 6 at.%. While Region-2 refers to the rest cases, where the yield strength is 
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dramatically softened by increasing solute concentration in both cases. In Region-1 for both 

cases, the yield strength is less dependent on either atomic size misfit or the 𝛾𝑈𝑆𝐹. However, 

the yield strength is highly dependent on both atomic size misfit and 𝛾𝑈𝑆𝐹 in Region-2, with 

the R-square values as high as 0.98 and 0.97, respectively. In this occasion, since the Mg atoms 

migrate to the surface, the atomic size misfit is enhanced at the free surface, where partial 

dislocations are formed. Hence, the enhanced atomic size misfit facilitates the nucleation of the 

first partial dislocation, which induces the yield behavior. 
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Chapter Ⅴ Conclusions 

In summary, the alloying-induced softening phenomenon has been investigated in single 

crystalline metal nanowires for different alloy systems by using MD simulations and combined 

with hybrid MD/MC simulations in some cases. The results are interesting and somewhat 

unexpected. The underlying softening mechanisms for different alloy systems have also been 

discussed. Five major conclusions can be made based on the results of this work: 

1. The alloying-induced softening phenomenon can be widely observed in single 

crystalline metal nanowires. 

2. Two major sources have been found to soften the alloy MNWs: the composition 

variation-induced reduction in stacking fault energy barrier and the increase in 

atomic size misfit. Both are found to affect the nucleation of the first partial 

dislocation which controls the yielding behavior of the single crystalline alloy 

MNWs. 

3. For the low atomic size misfit alloy systems, for instance, the Ni-Cu alloy, MEA, and 

HEA NWs, more solute atoms will cause the reduction of 𝛾𝑈𝑆𝐹, which can facilitate 

the nucleation of first partial dislocation and dominate the softening behavior. 

4. In the immiscible Cu-Ag alloy systems, the atomic size misfit dominates the 

softening behavior when Cu atoms serve as the solute, since the reduction of 𝛾𝑈𝑆𝐹 

caused by increasing solute concentration is negligible. While a combined effect of 

two mechanisms has been found in the alloy NWs when Ag atoms are the solute. 
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5. Moreover, solute segregation and clustering may also cause softening phenomenon, 

for instance, the case-Mishin of Ni-Co alloy NWs and the Mg-Al alloy NWs. 

    It is worth noting that the Young’s modulus can be monotonically softened by adding more 

solute atoms, such as the softening of Young’s modulus in Ni-Cu, MEA, and HEA NWs. More 

generally, the transition between softening and strengthening in Young’s modulus has been 

observed in Ni-Co, Ag-Cu, and Mg-Al alloy NWs. Most of the Young’s modulus versus 

composition follows a similar trend with yield strength-solute concentration behavior. However, 

more work needs to be done to investigate the Young’s modulus behaviors by varying the solute 

concentration in the future. 
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