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Abstract: This paper explores phase formation and phase stability in free nanoparticles of binary 

alloys. A procedure for estimating the size and composition dependent free energies 

incorporating the contributions from the interfaces have been presented. Both single phase solid 

solution and two phase morphology containing interphase interfaces have been considered. Free 

energy scenario has been evaluated for two binary alloy systems Ag–Ni and Ag-Cu to predict the 

microstructure of the alloy nanoparticles at different size ranges as a function of composition. 

Both Ag-Cu and Ag-Ni systems exhibit wide bulk immiscibility. Ag-Ni nanoparticles were 

synthesized using the wet chemical synthesis technique whereas Ag-Cu nanoparticles were 

synthesized using laser ablation of Ag-Cu target immersed in distilled water. Microstructural and 

compositional characterization of Ag-Ni and Ag-Cu nanoparticles on a single nanoparticle level 

was conducted using transmission electron microscopy. Nanoparticle microstructures observed 

from the microscopic investigation have been correlated with thermodynamic calculation results. 

It is shown that the observed two phase microstructure consisting of Ag-Ni solid solution in 

partial decomposed state coexisting with pure Ag phases in the case of Ag-Ni nanoparticles can 

be only be rationalized by invoking the tendency for phase separation of an initial solid solution 

with increase in nanoparticle size. Smaller sized Ag-Ni nanoparticles prefer a single phase solid 

solution microstructure. Due to increase in particles size during the synthesis process the initial 

solid solution decomposes into ultrafine scale phase separated microstructure.  We have shown 

that it is necessary to invoke critical point phenomenon and wetting transition in systems 

showing critical point that lead to phase separated Ag-Ni nanoparticles providing catalytic 

substrate for the nucleation of equilibrium Ag over it. In the case of Ag-Cu system, we report the 

experimental observation of a core shell structure at small sizes. This can be rationalized in terms 

of a metastable solid solution. It is argued that the nucleation barrier can prevent the formation of 
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biphasic morphology with internal interface. In such a situation, demixing of the solid solution 

can bring the system to a lower energy configuration. This has lead to the observed core-shell 

morphology in Ag-Cu system during room temperature synthesis.   

Keywords: Nanoparticle, thermodynamics, phase stability, immiscible alloys, solid solution, size 

effect 
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1. Introduction 

In recent years, studies on phase stability and phase transformations in nano-sized 

systems have gained considerable scientific and technological importance. These studies are 

needed to comprehend the fundamental science behind the phase stability criterion prevalent in 

systems at the nanometric length scale.
1-7

 One interesting effect of the size induced alteration in 

bulk phase stability observed in the case of nano-sized isolated particles is the realization of 

miscibility leading to the formation of solid solution between immiscible component atoms.
8-10

 

Elemental immiscibility at the bulk scale results from a large difference in the sizes of the 

component atoms and a positive enthalpy of their mixing.
11
 Size-induced enhancement in 

miscibility is extremely relevant as it can facilitate manufacturing of novel alloys with 

exploitable technological properties.
8
 Although several experimental and theoretical studies on 

the phenomenon of size induced enhancement in miscibility have been reported by several 

research groups
8,9,12

, many relevant issues related to the phase stability and microstructure still 

need to be addressed in a comprehensive manner. Furthermore, with respect to the understanding 

of the phase stability in systems with nanometric length scale, it should be emphasized that apart 

from the bulk-to-nano comparisons, the focus also should be on the “size effect” aspects. By 

“size-effect” it is meant that within the nano-scale regime, changes in the value of the surface 

and interface energies and the corresponding changes in the thermodynamic functions due to 

small changes in the size of the system is quite significant
13-18

.   

Present work explores and extends some of our current ideas on the size effect in alloy 

particles at nanometric length scale. These include few critical results obtained recently that have 

the potential to throw light on the phase stability issues at small scale. In particular, in this paper 

we develop a general thermodynamic description of the alloys at small scale using the existing 
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knowledge of thermodynamics of pure element and extending them to the case of alloys. 

However, before one dwells into the issue of phase transition and stability at small scale, one 

needs to explore the kind of equilibrium that is expected at small scale for the case of alloys. 

Since phase transformation is a kinetic process involving mass transport, it is possible to describe 

equilibrium in terms of diffusion distance. In the case of bulk, the time required for the two 

phases to equilibrate their chemical potentials is generally large. The diffusion distance given by 

the expression Ddiff /V where Ddiff is the diffusivity and V is the growth velocity is much smaller 

than the dimension of each phase in equilibrium. In such a case, we adopt the concept of local 

equilibrium where only the composition of the phases at the phase interface is dictated by that 

given by the phase diagram. The diffusional mass flow in such a case occurs by the flow across 

the chemical potential gradient. The exceptions to this occur during nucleation process as well as 

in some instances during decomposition of metastable solid solution in an immiscible system 

when the transport process is dictated by fluctuation. In general, the time to reach global 

equilibrium is dictated by system size. In the case of liquid to solid transition, a growth rate of 

10
-2  

m/sec and diffusivity of 10
-8

 m
2
/sec which is typical of such transition will yield a diffusion 

distance of 1 µm. Therefore, for any system size less than one micron, the liquid ahead of the 

growth interface will be globally mixed and hence full equilibrium can be assured. In the case of 

solid state, the growth rates are much smaller (of the order of µm/s). This often is countered by 

reduced diffusivity in solid state. The diffusion distance can still be   ~ 1 µm if the diffusivity is 

of the order 10
-12 

m
2
/s.  For systems with sluggish diffusivity, this can be even smaller. In 

general, however, it is reasonable to expect full equilibrium in treating phase changes in 

nanoparticles. Thus, thermodynamics should reasonably accurately predict the co-existing phases 

and their transitions as a function of temperature for these particles. In developing an expression 
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for free energy changes for nanoparticles, one, however, needs to consider the surface and 

interface energies. In the following we first review the size dependent free energies of pure 

elements.  Following this we shall attempt to develop an expression to estimate the free energies 

of alloy particles. 

2. Size dependent surface energy of pure fcc elements  

Thermodynamics at small size is dominated by the surface energy. However, the surface 

energy of small system is difficult to measure due to experimental constraints. Different methods 

are adopted by different research groups to estimate the surface energy of nanosize free particles. 

One of the methods is to find the vapor pressure difference due to change in particle size to get 

the surface energy of the pure elements. Piuz and Borel
18

 had calculated the surface energy of 

small crystals of pure Ag by calculating vapor pressure difference due to change in particle size. 

The surface energy is related to the chemical potential by the Gibbs Thomson’s relation
20

 given 

by  

2

r

γ
µ µ

ρ∞= +         ...................(1) 

In this expression, γ  is the average surface energy of a spherical particle with radius r ;  ρ  is the 

specific mass and µ∞  is chemical potential in a crystal of infinite dimension. The well-known 

Kelvin equation
21

 can be obtained by equating the chemical potentials of crystal and the vapor 

and is given by  

( ) 2
ln

( )

p r

p r RT

γ
ρ

=
∞

       ...................(2)  

Where, ( )p r  is the actual vapor pressure of particle size r and ( )p ∞ is the saturated vapor 

pressure, R is gas constant and T is the temperature. Therefore in order to obtain surface energy 
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we need to know ( )p r . This can be estimated from the change in size of the particle using 

Langmuir law
19

 given by, 

  

1/2

2

dr M
p

dt RT
α

π
 =  
         

.................(3) 

Here, α  is the evaporation coefficient, p is the actual vapor pressure of particle, M is the molar 

volume. 

Piuz and Borel
19

 used this to obtain equilibrium surface energy. However, these 

experiments can also be used to determine size dependent surface energy. The size dependent 

surface energy can also be obtained by measuring the changes in the lattice parameter with size. 

This quantity with the knowledge of modulus and an isotropic assumption allow us to estimate 

pressure on the particles due to surface energy which with the help of Kelvin equation can yield 

an estimate of surface energy value.  

Recently Liu et al.
22

 have developed methods of estimating the surface energy of small 

particles of pure elements using the size dependent cohesive energy of the pure metal. This is 

elaborated in a later section. The plot of size dependent surface energy of pure Ag and Ni 

estimated from this formalism is shown in Fig. 1. The figure indicates significant increase in 

surface energy at small sizes. The extrapolated surface energies of 1.25 J/m
2
 and 2.45 J/m

2
 

matches well with the reported bulk surface energies
23

 of Ag and Ni respectively. It should be 

noted that the thermodynamic calculations that produced the curve for variation in surface free 

energy with particle size in Fig. 1 considers average surface energy of a fcc crystal having 

equilibrium truncated octahedron geometry with clear crystal-air interfaces. In this study, since 

Ag-Ni and Ag-Cu nanoparticles grow in the liquid medium, the assumption may need 

modification. We have also ignored the effect of concentration gradient and hence contribution 
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of the gradient energy. The experimental results presented are a temporal snapshot during the 

growth. These are larger than the critical size for solid solution which the particles have evolved 

through at the initial stages. Since they are larger, the initial solid solution is expected to start 

decomposing in a spontaneous manner (possibly through spinodal decomposition). This is 

exactly what has been observed and indirectly support our model. 

Surface energy plays a crucial role in phase formation at small scale. Although the 

surface energy contributions are generally neglected in the equilibrium phase diagram, it cannot 

be neglected at small sizes. The free energy function in this case should contain surface energy 

terms as contribution from surfaces and interfaces can be significant. For alloys, the geometry of 

the various surfaces needs to be known to estimate the surface energy contribution to the overall 

free energy. Fig. 2 shows two configurations of free nanoparticles that are possible in a particle 

of two components (A and B) at small length scale. The nanoparticles can be biphasic with an 

interphase interface separating them (Fig. 2a). The two elements A and B may also be 

completely mixed yielding nanoparticles of solid solution (Fig. 2b). In the following sections we 

present the free energy functions incorporating the size dependent free energies which can be 

used to estimate free energies of nanoparticles of different binary systems. 

3. Free energy of biphasic free nanoparticles containing interphase interface 

This corresponds to situation illustrated in Fig. 2a. Here each free nanoparticle contains 

two phases, A and B separated by an internal interphase interface. Each biphasic particles have 

three surface energy contributions. Two of them arise from free surfaces surrounding the two 

phases in the particle. The third arise from the interface between the two phases. Therefore, the 

free energy of such a free nanoparticle can be expressed as: 

int( ) ( ) ( )biph A A B B A A A B B BG x G x G S D S D G Dα γ α γ= + + + +
  

...................(5) 

Page 8 of 33RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

Where, Ax  and Bx  are the mole fractions of phase A and B respectively. AG  and BG  are molar 

free energies of phase A and phase B; ( )A Dγ  and ( )B Dγ  are the size dependent specific surface 

energy (surface energy per unit area) where D is the diameter of the particle; AS  and BS  are the 

surface areas occupied by one mole of  A and B respectively; Aα  and Bα  are the ratios of atoms 

at the surface and in the bulk of A and B respectively. The last term int ( )G D  represents the 

interfacial energy between phase A and B. Considering the case when both A and B contain only 

one component, the surface energy can be calculated by the relation given by Turnbull
24

. It 

consists of two terms, the geometrical term ( )geoγ  and the chemical ( )cheγ  term. Therefore 

int ( )G D can be written as
25

, 

                 int int ( )geo chemG S γ γ= +                                                                                …..……….(6)        

where,  [0.33( ( ) ( ))] / 2geo A BD Dγ γ γ= +      ...................(7) 

and  ( ) ( ){ }2/3 2/3

0 0/ /chem A BinA A B AinB Bx H C V x H C Vγ    = ∆ + ∆      
...................(8) 

The term intS is the interfacial area between A and B phases. AinBH∆  (or BinAH∆ ) is the chemical 

interaction parameter for infinite dilution of A in B (or B in A). These quantities are available in 

the literature
26

. The quantities AV  and BV  are the molar volumes of A and B respectively and 0C  

is a constant generally taken as 4.5 X 10
8 

 [ref. 27]. 

4. The free energy of nanoparticles containing single phase solid solution of A and B 

In the case described above, each phase contains only one component and there is no 

alloy formation between A and B except at the interface when the two pure phases interact. Fig. 

2b describes the second scenario. Here both the components interact and form complete solid 

solution yielding a free single phase alloy particle. Here the surface energy of the alloy 
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nanoparticle depends on both size and the composition of the alloy. The free energy of solid 

solution ( ssG ) in such a case is given by 

(2 ( , ) ) / ( / 2)ABss A A B B mix ssG x G x G G D x V Dγ= + + ∆ +
  

....................(9) 

Here, Ax  and Bx  are the mole fractions of phase A and B respectively, AG  and BG  are the molar 

free energies of  A and B respectively, mixG∆  is the excess free energy of the alloy and 

( , )ss D xγ is the size  and composition dependent specific surface energy (surface energy per unit 

area) of the nanoparticle with solid solution between element A and B. The term ABV represents 

the molar volume of solid solution and  D  is the diameter of the particle. Free energy of an alloy 

phase due to mixing (∆Gmix) is given by, 

mix mix mixG H T S∆ = ∆ − ∆      .................(10) 

Where mixH∆ and mixS∆ are the enthalpy and entropy of mixing terms respectively. Assuming 

ideal solution, the entropy term can be written as  

  [ ]ln lnmix A A B BS R x x x x∆ = − +      .................(11) 

where R is the gas constant. According to Miedema model
28

 the enthalpy of mixing ( mixH∆ ) has 

three contributions, chemical ( chemH∆ ), elastic ( elH∆ ) and structural ( strH∆ ) and can be 

expressed as  

chem el str

mixH H H H∆ = ∆ + ∆ + ∆
     

.................(12) 

The chemH∆  term is related to electron distribution generated at the interface between dissimilar 

unit cells. This is expressed as
23

, 

[ ]∆ = ∆ + ∆chem chem chem

A B A BinA B AinBH x x x H x H
   

.................(13) 

Here ∆ chem

AinBH  (∆ chem

BinAH ) is the chemical interaction parameter [25].  
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The elastic ( elH∆ ) contribution to the enthalpy of mixing arises due to the atomic mismatch of 

element A and B and is given by
29

, 

[ ]∆ = ∆ + ∆el el el

A B A BinA B AinBH x x x H x H
    

.................(14)                       

The term ∆ el

AinBH  (or∆ el

BinAH ) represents the elastic interaction parameter and can be calculated by 

the following relation, 

( )' * * 2 * ' *2 ( ) 3 4∆ = − +el

BinA A B A A A B B
H S V V V S k V

    
.................(15) 

 where '

AS & '

BS  are the shear moduli; *

AV  and *

BV are the effective molar volumes corrected for 

the charge transfer effects; Ak and Bk  are the compressibility factors for of the elements A and B 

respectively. 

The structural contribution ( strH∆ ) [ref. 30] arises from the change in valence and crystal 

structure of the system and is given by,  

( ) ( ) ( )str str str str

alloy alloy A A A B B B
H E Z x E Z x E Z ∆ = − +   

................(16) 

Here the
alloyZ , AZ and BZ  are the average number of valance electrons per atom for the alloy, 

component A and component B respectively. The terms
str

alloyE , str

AE , str

BE  are the lattice stability 

parameter of the alloy, A and B respectively. In order to estimate equation (6), we now need to 

know the surface energy which is both composition and size dependent.  

Estimation of composition and size dependence of surface energies: 

We have already briefly discussed the size dependence of surface energies. The specific 

surface energy ( , )ss D xγ   can be expressed in terms of surface energy per mole by the following 

expression
31

, 
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2
( , ) ( , ) /iss surf AD x NE D x N Dγ πα=

    
....................(17) 

where, iN is the number of atoms on the surface of a particle of diameter D  ,α  is the shape 

factor and AN  is the Avogadro's number. The term ( , )surfE D x is surface energy per mole. Liu and 

Jiang
22

 have presented a relation between ( )surfE D and the cohesive energy ( )cohE D  for pure 

element. This is given as  

( ) ( )surf cohE D kE D=
      

....................(18) 

Here, k  is a function of coordination number of atoms at the surface and in the volume. Qi
32

 has 

extended the size dependence cohesive energy to incorporate the composition dependence in the 

case of solid solution containing two components A and B. This is given by the following 

expression 

  
2 2

2 2
( , ) 1 1coh A A B B

A B

D D
E D x x E x E

nd nd

α α   
= − + −   

   
  ....................(19) 

Recently we have shown that this expression does not take into account interaction 

between two different atoms in the alloys
26

. Incorporating this interaction the above expression 

can be modified as  

2 2

2 2
( , ) 1 1c A A B B A B

A B

D D
E D x x E x E x x

nd nd

α α   
= − + − − Ω   

   
 ....................(20) 

Where AE  and BE  are the bulk cohesive energy; Ad and Bd are the atomic diameter of element A 

and B respectively. α is the shape factor of the particle and n is the total number of atoms in 

particle size D . The interaction parameter is defined byΩ . Using the equations 20, 18 and 17, 

we can now calculate the composition and size dependence surface energies of solid solution. 

and hence can calculate the free energy change as a function of size and composition. 
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We now present the experimental results of our observations for two fcc based alloy 

systems, namely Ag-Ni and Ag-Cu system. The synthesis methods do influence the as 

synthesized phases. However, we shall strive to rationalize the observed results with regards to 

prevalent thermodynamic conditions which as we shall show, provide unique insights.  

5. The case of Ag-Ni alloy nanoparticle   

  We now apply the above thermodynamic formulation to understand the phase formation 

and microstructure evolution in Ag-Ni alloy nanoparticles. Let us consider a nanoparticle of Ag-

Ni solid solution.  Fig. 3 gives the calculated free energy curve of Ag-Ni solid solution (Gss) for a 

particles size of 7 nm. The hump in the free energy curve suggests that the solid solution if 

formed will tend to segregate compositionally without forming sharp interfaces. We have super 

imposed on this the free energy curve of two phase particles of fcc Ag and Ni of same size and 

containing interphase interface. As can be seen from these free energy curves, in this size range, 

the decomposition of the solid solution with the concomitant formation of interface between the 

phases will increase the free energy and hence will not be favorable. We shall now present the 

experimental results that we have obtained from chemically synthesized Ag-Ni alloy 

nanoparticles. The details are given elsewhere
31

. The goal is to attempt explaining the origin of 

the microstructure that has been observed in our experiments by considering the size dependent 

thermodynamics.  

One of the striking results of our experiments is the formation of nanoparticles containing 

two phases. However, contrary to expectation, the two phases observed are equiatomic Ag-Ni 

solid solution and a pure Ag phase. A sharp interface separates these two phases. An example of 

this morphology is shown in Fig. 4 (a). As can be seen from this high resolution transmission 

electron microscope image of the particle, the solid solution phase has a size of ~6-7 nm and it 
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shares an interface with Ag phase. The decrease in lattice parameter of the solid solution phase 

as determined from the lattice fringe measurements clearly establish this phase to be a solid 

solution phase. Assuming that lattice parameters follow Vegard’s law
33

, the observed interplanar 

spacing of 0.220 nm for (111) planes represents the equiatomic composition of Ag and Ni.   The 

lattice fringes from the other phase correspond to pure Ag. The size of this phase is much larger. 

A closer examination of the solid solution reveals distortions in the fringes suggesting the onset 

of process of demixing or compositional segregation through a probable spinodal like 

decomposition process. To illustrate the abundance of the particles with two phase 

microstructure, a low magnification bright field TEM image showing several of these particles 

and a selected area electron diffraction pattern (SAED), obtained from a group of these particles, 

showing diffraction signals corresponding to Ag-Ni solid solution phase and pure Ag phase is 

provided in the Fig. 4(b-c). In the SAED pattern, the ring with d-spacing of 0.24 nm corresponds 

to Ag-Ni solid solution phase and the ring with d-spacing of 0.22 nm corresponds to the pure Ag 

phase.    

We propose that the present microstructure observation is a direct consequence of the 

phenomenon of critical point wetting. As shown by Cahn
34

 and discussed recently by Puri et al
35
 

for the case of thin films, system with a miscibility gap containing critical point can undergo a 

wetting transition of one of the phases. As a consequence the surface of the phase (wetting 

phase) act as universally wetting surface and can wet any external surface. The consequence of 

this for the decomposition behavior of metallic glasses with miscibility gap has been discussed 

recently
36

. We argue that these surfaces are ideal catalytic surface for heterogeneous nucleation 

and lead to a spontaneous nucleation of equilibrium phase in case of complete or even partial 

wetting
37

.  
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In our earlier work
31

, detailed thermodynamic calculations including the energy of the 

surfaces of the nanoparticle and the interfaces between the two phases for a two phase existence 

within a nanoparticle indicates that there is a critical size when the free energy of the two pure 

phase separated by an interface within a particle and a particle of the same size where there is a 

complete solid solution is equal for a given overall composition. For sizes below that there is a 

driving force in favour of the formation of solid solution
31

. However, for the Ag-Ni system, the 

free energy curve representing solid solution is convex in nature as there is a positive heat of 

mixing for Ag and Ni.  This indicates that even though the solid solution can form, it is not stable 

and is prone to solid state decomposition. In case the overall composition of the particle is not 

too near the bimodal line, the decomposition will most likely proceed through a spinodal 

decomposition triggered by a fluctuation process
38

. The wave length of this fluctuation will 

depend on temperature and strain associated with the formation of solid solution
38

. However, 

since it is a stochastic process, the probability of the initiation of the decomposition process will 

decrease with size. Thus, at a given temperature, fluctuations can be kinetically frozen below a 

certain size and one would expect to observe complete solid solution for very small sizes. 

However, as the particles grow, the solid state decomposition will set in. To understand the 

microstructure of the particles observed by us, we need to invoke at this stage another 

phenomenon associated with the spinodal decomposition known as critical point wetting
34,35

. As 

mentioned earlier, during spinodal decomposition, one of the decomposing surfaces acquires the 

property of completely wetting any surfaces in contact with it.  Thus one expects spontaneous 

nucleation of Ag (or Ni) on the surface of solid solution. In the present study, Ag-Ni 

nanoparticles were prepared by the chemical synthesis technique which is a bottom up approach 

for producing nanoparticles
31

. Therefore it should be emphasized that the particles nucleated and 
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grew from zero size to a finite size. Mechanistically, all the particles in the reaction mixture must 

have possessed a solid solution microstructure till the point at which some of them continued to 

grow over the critical size required for spinodals decomposition. Recent work
31

 provides the 

evidence for single phase solid solution structure for nanoparticles with sizes less than a critical 

size for the observation of spinodal decomposition. Once spinodal decomposition occurs in 

larger particles, critical point wetting will ensure the formation of terminal phase on the surface 

of solid solution phase. Thus the further growth of the particles will occur only by the growth of 

pure Ag leading to the observed morphology. A schematic illustrating the above described 

mechanism is provided in Fig. 5.  

It should be noted that the size dependent thermodynamic arguments can be used for 

system sizes within the nanoscale regimen where the surface energy varies significantly with 

size. The stabilization of the solid solution in immiscible system is clearly a size dependent 

effect.  However, the critical point wetting phenomenon is an universal phenomena that happens 

in system having critical point and undergoing the decomposition process. As the particles grow, 

the stabilization of the solid solution vanishes and the system enters phase separating regime. 

The critical point wetting phenomenon where one of the separating phase behaves as universal 

wetting surface occurs at this stage and the nucleation barrier on this surface vanishes. Thus pure 

silver which has lowest free energy forms spontaneously on this surface leading to the observed 

two-phase nanoparticle microstructure. 

6. Microstructure evolution of alloy nanoparticles in Ag-Cu system by laser ablation 

We now consider the case of Ag-Cu alloy nanoparticles. The synthesis in this case was 

carried out by laser ablation process under water. As a consequence, there exist important 

differences in the growth behavior compared to the case of Ag-Ni alloy. In general the particles 
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form rapidly during laser pulsing and get isolated by the surrounding fluid. The subsequent 

growth of the particles generally occurs by coalescence and not by diffusion of the solutes 

through the media. This is unlike the chemical process where the atoms can arrive over a period 

of time leading to a time dependent growth.  In Fig. 6,   we have presented the free energy curve 

at room temperature for three different sizes of Ag-Cu alloy particles namely 5 nm, 13 nm and 

25 nm. Again we have considered the two cases as illustrated in Fig. 2.   Since the heat of mixing 

is also positive in this case, the free energy curves for Ag-Cu solid solution exhibit a hump 

similar to Ag-Ni system. This indicates that the solid solution will have demixing tendency. The 

free energy curves of nanoparticles containing two phase (Ag and Cu) separated by an interface 

do not show this behavior. 

An analysis of the free energy curves again allow us to arrive at some striking 

conclusions. Let us consider the free energy curve of 5 nm particles (Fig. 6a). It suggests that 

single phase particle containing solid solution is favorable in comparison to a two phase particle 

containing pure silver and copper. However, the solid solution will tend to demix and yield 

compositional segregation without creating an interface. The appearance of internal interface will 

raise the free energy. We note that we have not completely accounted for elastic energy in our 

calculation which may further stabilize the solid solution and reduce the miscibility gap. The 

above discussions yield following conclusions. Below a critical size, the nanoparticles of Ag-Cu 

alloy will form solid solution. A two phase equilibrium structure is not stable at these sizes. The 

solid solution can demix through segregation. However, solid solution will not decompose into 

two phase with an interface separating them. 

For a 13 nm particle, the free energy curve of biphasic particles of Ag and Cu touches the 

free energy curve of solid solution at close to equiatomic composition (Ag50 Cu50) alloy (Fig. 
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6b). Fig. 6c shows the free energy situation for a 25 nm particle. An analysis of this and other 

curves with similar sizes in this range suggest that for a range of composition, solid solution can 

only exist as a metastable phase. A driving force exist for it to decompose into two phase with 

internal interface separating them. However, if it under goes demixing, it can again enter into a 

stable state in comparison to a state containing two distinct phases. 

Let us examine the experimental results in the context of this analysis. Fig. 7a shows two 

laser ablated Ag-Cu alloy nanoparticles of ~25 nm and ~35 nm sizes respectively. No internal 

interface could be observed in both the particles. These are nanoparticles containing single phase 

Ag-Cu solid solution. The composition profile obtained using 1 nm beam in scanning 

transmission electron microscopy (STEM) mode using a TECHNAI F30 microscope is shown in 

Fig. 7b. We have presented the intensities of the signals originating from Ag and Cu.  Clearly 

copper has segregated at the interface while the core is Ag rich. Fig. 7c shows quantification of 

the composition profile for the 25 nm particle. The nature of segregation of solid solution is 

clearly revealed. For comparison, we have presented a particle of similar size (Fig. 8) which was 

heated in an image furnace for 3 minutes at 650 ºC. The microstructure reveals internal interface 

between the two phases. Composition profile (Fig. 8b) clearly identifies the particle to be 

biphasic containing copper rich and Ag rich phases. The free energy curves for the nanoparticles 

of Ag-Cu alloy at 650 ºC are presented in Fig. 8c. Clearly the driving force for the formation of 

two phases with interphase interface is much larger at this temperature and hence the solid 

solution decomposes into biphasic particle. 

For the un-annealed Ag-Cu nanoparticles, presence of Cu on the surface of the particles 

as shown by Fig. 7 can be justified from taking into consideration the combined effect of the 

critical point wetting phenomenon and relative ablations rates for Ag and Cu atoms from the Ag-
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Cu target during the laser ablation reaction. As described earlier for the Ag-Ni case, with 

increase in the size of the Ag-Cu nanoparticles during ablation, initially formed Ag-Cu solid 

solution phase would undergoes spinodal decomposition at some critical particle size. This 

decomposition produces relatively Ag-rich and Cu-rich compositional waves in the particles. 

One such particle with compositional wave is shown in Fig. 9. Fig. 9(a) shows a high 

magnification TEM image of a Ag-Cu nanoparticle. Fig. 9(b) shows a Fast Fourier Transform 

(FFT) obtained from the image of the particles in Fig. 9(a). The FFT reveals the presence of 

rings corresponding to the planes with interplanar spacing values of 0.21 nm, 0.22 nm and 0.23 

nm. When compared to the interplanar spacing values for different planes in the crystal of pure 

Ag and Cu phases, the observed d-spacing values denote the presence of solid solution phases 

with Ag-rich and Cu-rich compositions within the particle. An Inverse Fast Fourier Transform 

images (IFFT) derived from the rings with interplanar spacing values of 0.22 nm and 0.23 nm 

shown in Fig. 9 (c) and 9 (d) respectively reveal intermixed Ag-rich and Ni-rich compositional 

waves characteristic of a spinodically decomposed microstructure. It is well known that the 

ablation rate for pure metals is directly proportional to their atomic number
39

. This signifies that 

Ag should have a higher ablation rate as compared to Cu. During the laser ablation experiment, 

the target therefore gets richer in Cu with time. A relatively Cu-rich target would produce 

relatively Cu-rich atomic flux at the later stages of the ablation process producing 

compositionally graded microstructure with increasing Cu concentration towards the surface of 

particles as seen in the present case (Fig. 7). As the target becomes Cu rich with the progress of 

ablation process, the atomic flux would be copper rich. Due to the zero undercooling that is 

required for spontaneous nucleation on the perfectly wettable surface provided by the  
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spinodically decomposed Ag-Cu particles (Fig. 9) due to critical point wetting and subsequent 

wetting transition
34

 Cu atoms nucleate to produce a Cu rich surface.  

7. Conclusions 

We have presented a procedure for the estimation of size and composition dependent free energy 

function of fcc based metallic alloys taking into consideration biphasic alloy nanoparticles as 

well as nanoparticles of single phase solid solution.  These free energy curves allow us to 

examine the possible phase evolution at different sizes. We show that it is possible to have solid 

solution at small sizes for alloys with high positive heat of mixing with extensive segregation. 

We note that wetting transition during spinodal decomposition can lead to a two phase structure 

of pure component and segregated solid solution. The experimental evidence of such occurrence 

has been presented for chemically synthesized Ag-Ni nanoparticles. For Ag-Cu alloy particle, the 

segregation can stabilize the alloy nanoparticles and the evidence of the formation of a 

segregated core shell like Ag-Cu solid solution particle is presented. These particles at higher 

temperature revert back to biphasic nanoparticles.  
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Figure Captions 

 

Figure 1. Plot showing the calculated size dependent specific energy of (a) pure Ag and (b) pure 

Ni. 

 

Figure 2. Schematic of the two distinct morphologies that can be observed in binary alloys: (a) 

biphasic nanoparticle with internal interface, (b) nanoparticle of single phase solid solution 

between elements A and B. 

 

Figure  3. Calculated free energy curves for 7nm Ag-Ni alloy nanoparticle showing free energy 

curves for single phase  solid solution ( ssG ) and nanoparticle containing two phases (
biphG ). 

 

Figure 4.(a) A high resolution Transmission electron microscopy (TEM) micrograph of 

nanoparticle of Ag-Ni alloy obtained by chemical synthesis. The two phase particle consists of   

equiatomic Ag-Ni solid solution of diameter ~6-7nm  surrounded by a pure Ag phase  with sharp 

interface between the two phases (b)selected area electron diffraction pattern obtained from a 

group of two phase microstructured particles (c) TEM bright field image of two phase 

microstructured particles. 

 

Figure  5. A schematic illustrating the possible mechanism of formation of two phase 

microstructure particles. The schematic shows a sequence where a small sized particle with a 

solid solution structure grows above a critical size which causes the solid solution phase to 

spinodally decompose into Ag-rich and Ni-rich phases. Subsequent to the spinodal 
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decomposition reaction, the Ag-rich phase provides a universal wetting surface for the pure Ag 

phase to nucleates and grows over it accordance with the critical point wetting phenomenon 

 

Figure 6 Plots showing calculated free energy curves ssG  and 
biphG   for Ag-Cu alloy 

nanoparticles at room temperature for three different size of particles: (a) 5nm, (b) 13nm, 

(c) 25nm.  

 

Figure 7(a) A STEM image of Ag-Cu alloy particles of size 35nm and 20nm, (b) distribution of 

intensity of Ag and Cu signals from EDS  along the line as shown in (a),  (c) composition 

distribution in the small Particle (25nm). Note the copper segregation at the outer shell and 

composition modulation of the solid solution near the core. 

 

Figure 8(a) STEM image of Ag-Cu nano particle (~ 25 nm) similar to that shown in fig. 7 after 

heat treatment at 650ºC for three minutes in a gold image furnace, (b) composition distribution 

of Ag and Cu along the arrowed line obtained by STEM  analysis using a 1nm probe, (c) the free 

energy curve of ssG  and 
biphG  for the  particle of the same size (25nm) at 650ºC. 

 

Figure 9(a) High magnification image of a nanoparticle (b) FFT image obtained from the 

particle in figure (a),(c) Inverse Fourier Transform image of the regions in the particle 

corresponding to the phase represented by the ring with interplanar spacing value of 0.23 nm in 

the FFT (d) Inverse Fourier Transform image of the regions in the particle corresponding to the 

phase represented by the ring with interplanar spacing value of 0.22 nm in the FFT.    
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Fig 1(a) 

 

Fig 1(b) 
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Fig 4 
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Fig 6 
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Fig 7 
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Fig 8 
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Fig 9 
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