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RINGKASAN: Pengaloian mekanik adalah satu teknik yang berguna untuk mendapatkan 

pelbagai jenis aloi. Namun begitu didapati tidak banyak usaha telah dibuat bagi membina 

model asas proses aloian mekanik dan begitu juga halnya dalam menerangkan 

mekanisme pengaloian mekanik dalam aspek termodinamik. Kertas ini melaporkan satu 

usaha membina satu model termodinamik bagi pengaloian mekanik untuk larutan pepejal 

bagi sistem terner. Objektif utama kertas ini ialah untuk menghuraikan dari sudut 

termodinamik evolusi larutan pepejal semasa pengaloian mekanik berdasarkan model 

larutan pepejal lazim. 

ABSTRACT: Mechanical alloying is a useful technique to produce alloys. Despite it's 

importance, a few attempts has been made to model the fundamental process and to 

explain thermodynamically the mechanism of mechanical alloying. In this paper, an 

attempt to develop a thermodynamic model for solid solution formation by mechanical 

alloying in ternary system is presented. The objective of the paper is to describe from 

a thermodynamic point of view the evolution of solid solution during mechanical alloying 

based on the regular solid solution model. 
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INTRODUCTION 

The restriction by the phase diagrams in making alloys, such as the limited solid solubility, 

intermetallic phase transformation a·t stoichiometric composition and, various phase 

transformations, are caused by thermodynamic reasons and hence may seem to be inevitable. 

However, great efforts have been put into the exploration of the method to overcome this 

restriction to produce useful alloys. The conventional route to evade this restriction is quenching, 

rapid cooling of solid (as in steel and aluminium alloys), liquid (rapid solidification) and vapour 

(sputtering, etc.). These methods have been utilized to produce various metastable and non

equilibrium phases. The mechanical alloying technique however, provides an altogether different 

approach to produce such phases. 

Mechanical alloying technique, originally used to fabricate oxide strengthened materials, has 

been advanced to synthesize alloys and amorphous materials in solid state. It is a dry, high 

energy ball milling process for production of metal powders with fine-controlled microstructures. 

In this process powders and balls are charged in a container and are subjected to high energy 

collision. The fundamental process in mechanical alloying is the repeated welding, fracturing, 

and re-welding of a mixture of powder particles during collision between the balls and powder 

particles. The fracturing and welding of particles occur under certain conditions in which the 

rates of welding and fracturing are in balance and the average powder particle size remains 

relatively coarse. Using this process, intermetallics (McDermott and Koch, 1986) nanocrystalline 

materials (Hellstern et al, 1989; Gaffet and Harmelin, 1990), quasicrystalline (Eckert and Schultz, 

1989), amorphous materials (Schultz, 1988) and metal matrix composites (Nieh et al, 1988) .. 

are being produced. 

While the processing related activities in mechanical alloying are extensive, only a few notable 

attempts have been made to model the fundamental process (Schwarz and Koch, 1986; 

Courtney et al, 1988; Bhattacharya and Arzt, 1992) and the thermodynamic of mechanical 

alloying (Desere, 1996). Desere (1996) proposed a thermodynamic model, which describes 

the nanocrystalline-to-glass transition on the basis of such metastable intermediate state where 

ultra grain refinement and supersaturation obtained by mechanical alloying may act as an 

intermediate state to partial or complete amorphization. More recently, a thermodynamic model 

was developed by Badmos and Bhadeshia (1997) to deal with a situation in which a solution .. 

is created by continuously refining a mixture of powder particles of pure components. In this 

model, it is predicted that mechanical alloying is not possible unless initially incoherent interfaces 

approach coherency and eventually disappear as true solution is approached. In addition, the 

inclusion of interfacial energy predicts the existence of a barrier to the evolution of the solution. 

Other thermodynamic models were reported in the literature for solid-state amorphization in 

binary systems at interfaces and grain boundaries (Benedictus et al, 1996), and for solid-state 

amorphization of nanosized and supersaturated crystals created under mechanical, chemical 
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or irradiation impact (Fecht, 1994) where an attempt has been made to evaluate the energy 

rise necessary for solid-state amorphization and to describe by a vacancy model the stability 

of nanostructured metals against grain growth, melting and solid state amorphization. 

The objective of this work was to develop a thermodynamic model for ternary solid solution 

prepared by mechanical alloying based on the regular solid solution and the model proposed 

by Badmos and Bhadeshia (1997) for mechanical alloying of solid solution in binary systems. 

THERMODYNAMIC ANALYSIS AND DISCUSSIONS 

According to (Devereux, 1983) regular solid solutions possess the same entropy of mixing as 

ideal solutions but, unlike ideal solutions, they possess a nonzero enthalpy of mixing, based 

on this and on purely thermodynamic point of view we give a full description of solid solution 

formation by mechanical alloying in ternary systems. 

We consider a mixture of three components A, B and C initially in the form of powder with 

Gibbs energies G\, G°s and G°c respectively. The average Gibbs energy of mixture of such 

powder is given by: 

·_G(mixture) = (1-x-y) G\+ yG06 + xG0c (1) 

where 

x is the mole fraction of C, 

y is the mole fraction of B and 

(1-x-y) is the mole fraction of A. 

It is assumed that the powder particles are so large that the atoms of A, B and C do not feel 

each other's presence via interatomic forces between unlike atoms. Such a powder is called 

mechanical mixture. 

ENTROPY OF MIXING 

We consider mA the number of atoms per powder particle of A, m6 the number of atoms per 

powder particle of B and me the number of atoms per powder particle of C. 

The molar entropy as a consequence of mixing can be obtained from the Boltzman equation. 

S = k In w (2) 
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where w is the number of configuration and k is the Boltzmann constant. 

w = { N[(1-x-y)/mA+ y/m8 + x/mel }!/ {[N(1-x-y)/mA]![yN/m8]! [xN/meJ!} (3) 

Where {N[(1-x-y)/mA+ y/m8 + x/me]}! is the total number of particles 

and [N(1-x-y)/ mA]![ yN/m8]! [xN/meJ! is the product of the factorials of the A, Band C particles. 

Using Stirling approximation, 

m! = (21tm)1/2 mm e-m; 

thus In m! = (112)1n(21tm) + mln(m) - m, 

which for large values of m, can be written as In m! = mln(m) - m, 

we find: 

~Sm/(KN)= {{[(1-x-y) m8 + y mA] me + mA m8x }/ mAm8me} {In N{[(1-x-y) m8 

~smix is the entropy of mixing. 

This equation reduced to the familiar result when mA = m8 = me= 1 

~Smix = -KN[ (1-x-y)ln(1-x-y) + ylny + xlnx] 

N is Avogadro's number 

ENTHALPY OF MIXING 

In a system containing ma of atom A, mb of atom B and m0 of atom C, there are 

(4) 

(5) 

(1 ,2)Z(ma + mb + m0 ) pairs of atomic sites. The probability that a given site is occupied by an A -

atom is Xa = m/(ma + mb + m0 ) and similar by a B atom is Xb =mi(ma + mb + m0 ) and by a C 

atom is X0 = m/(ma + mb + m0). The joint probability that a given pair of sites is occupied by an .. 

A atom and a B atom is XaXb + XbXa. The total number of A-B pai_rs in the system is thus 

(6a) 

Where n =ma+ mb + m0 is the total of atoms in the system. For one mole mab = ZNXaXb where 

N is Avogadro's number. 

Similarly, 

mac ZNXaXc 
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ZNXbXc 
(112) ZNX.2 
(112) ZNX/ 
(112) ZNX/ 

(6b) 

Prior to mixing, the pure components contained ( 112)ZNXa A-A pairs, ( 112)ZNXb B-B pairs and 
(112)ZNXc C-C pairs, thus the enthalpy of mixing can be written as, 

~H (112)ZN(2XaXbeab + 2XaXceac + 2XbXcebc + X.2eaa + Xb2ebb + X/ecc - Xaeaa 
- Xbebb - Xcecc) 

(112)ZN[2XaXbeab + 2XaXceac + 2XbXcebc - Xa(1-X) eaa - Xb(1-Xb) ebb 
- Xc(1-Xc) £ 0c] (7) 

(8) 

where eaa' ebb' ecc, eab' eac and ~ are the energies of A-A, B-B, C-C, A-B, A-C and B-C bonds 
respectively. Z is the coordination number. 

This treatment of the enthalpy of mixing has to be adapted for particles that are not monoatomic . 
. For example, only those atoms at the interface between the A, B and C particles will feel the 

influence of the unlike atoms. Assuming cubic arrangement of particles, each volume V; and 
surface area S = 6 (V;)213 , we have 

(9) 

The total surface area of n; isolated particles is Sr = }:n;S but the total grain boundary area 
I 

• when the particles are compacted is half of this value. The grain boundary area per unit 
volume Sv is given by 

(10) 

If it is assumed that the boundary has a thickness 2o then the volume fraction of material 
within the boundary is 2oSv. The enthalpy of mixing can only be generated within this region 
where the unlike atoms meet. It follows that 
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This relation reduced to the ordinary relation for binary solid solution when Xe = 0 

(12) 

The term ZN(2Eab - Eaa - Ebb) = n is often called the regular solution parameter for binary -

systems. For ternary systems we defined the solution parameter n' to describe ternary 

interaction between the three elements in solution as follows: 

2ZNw (13) 

INTERFACIAL ENERGY 

The interfacial energy has an important effect in the thermodynamic model when we estimate 

the free energy of mixing of solid solution. The intense cold working imposed on the powder 

during ball milling of metallic elements generates dislocation which recombine to give small 

angle grain boundaries. A longer milling time yields large angle grain boundaries and grain 

refinement on a nanometre scale together with alloying. In this model the contribution of _ 

interfacial energy due to chemical interaction between atoms is included in the free energy of 

mixing. In addition to this there is a further term that must be taken into account, which comes 

from the inevitable disorder present at the interface, giving a structural component of the 

interfacial energy per unit area. 

The interfacial energy due to the structural component is: 

L\HI = v msvcr (14) 

Where V m is the molar volume and cr is the interfacial energy per unit area. It is assumed that 

Sv = 0 for very large particles and that cr is identical for interface between A-A particles, 

B-B particles, C-C particles, A-B particles, A-C particles and B-C particles. 

CONCLUSION 

From a thermodynamic point of view a theoretical model was proposed as an attempt to 

describe the formation of solid solution by mechanical alloying in ternary systems. The model 

was developed based on the regular solid solution model and a model proposed by Badmos 
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and Bhadeshia ( 1977) for binary systems. It is possible to be used for calculation of the Gibbs 
energy for solid solution if implemented in a computer software such as Thermo-Cale (Sundman, 
1981) which handles thermodynamic calculations. 
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