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a b s t r a c t

In this paper, elemental Cu–7 wt.% Cr powder mixture was mechanically alloyed in order to study the
solid solubility extension during the alloying process. By mechanical alloying in a high energy ball mill,
a nano-structured and homogeneous Cu–Cr powder was obtained. The effect of toluene as a process
control agent (PCA) was investigated. The structural changes were characterised by X-ray diffraction
(XRD) technique. The Gibbs free energy change in this system during the formation of solid solution was
calculated and shown to be positive, which means that a thermodynamic barrier exist for the formation
of this alloy system in solid state. It was found that the additional energy stored in the nano-crystalline
Cu–Cr alloy during mechanical alloying process as a result of crystallite size reduction and increased
dislocation density, would be high enough to overcome the thermodynamic barrier in the formation of
a solid solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cu–Cr alloys have wide application potential in the automobile,
electrical and electronic industries due to their high electrical con-
ductivity and high mechanical strength. Solid solution formation
and further precipitation of Cr in Cu matrix have already been used
to produce in situ copper matrix composite. Extensive studies are
now being carried out on this in situ composite which have much
higher concentrations of the secondary element than the dilute Cu
alloys [1–4]. Hence, attainment of supersaturated Cr in Cu matrix,
which has limited solubility at equilibrium state, is of interest.

Extension of solubility range would be possible by non-
equilibrium processing methods. Among different methods,
mechanical alloying has been attracted a lot of attention in recent
years. Mechanical alloying is a simple method that transfers high
amount of energy to the powder during the milling process. Also,
during the mechanical alloying, intense deformation is introduced
into the particles. This is manifested by the presence of a variety of
crystal defects such as dislocations, vacancies, stacking faults, and
increased number of grain boundaries. Furthermore, by mechan-
ical alloying it is possible to obtain nano-crystalline materials
[5,6].
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It has already been shown that the limit of solid solubility in
Cu–Cr system can be increased by mechanical alloying [7–10]. Fur-
ther development requires better understanding of the process
through characterization of the products. But detailed study of solid
solubility extension has not been thoroughly investigated. Also, the
influence of PCA on this process has not been studied yet.

In this work, the solid solubility extension of Cr in Cu by
mechanical alloying has been studied with special focus on the
thermodynamic aspects of the whole process and Gibbs free energy
changes. Unlike the previous work reported by Aguilar et al.
[11] who studied Cu–Cr supersaturated solid solution formation
using modified Warren–Averbach method, results presented in this
paper are based on Williamson–Hall method in XRD profile analy-
sis.

2. Experimental procedure

Starting materials were commercially pure Cu (99%, <75 �m), Cr (99.5%, <75 �m)
and toluene (Merck, extra pure) as the process control agent. The samples with a
nominal composition of Cu–7 wt.% Cr were prepared in a planetary ball mill, using
hardened steel vials and balls, under argon atmosphere, to prevent oxidation. The
ball to powder weight ratio and milling speed were 30:1 and 300 rpm, respectively.
In order to study the effect of PCA on the solid solution formation, the milling process
of some samples was carried out with 1 wt.% toluene.

The structural evolution in the powder during milling was investigated by XRD
using a Philips PW-3710 diffractometer with Co K� radiation. The crystallite size
and internal strains of powder were determined according to the Williamson–Hall
plot [12]. The line broadening due to the instrument was calculated from Warren’s
method [13,14]. The lattice parameters were calculated from XRD data. High angel
reflections (1 1 1), (2 0 0), (3 3 1) and (2 1 0) were used to determine the lattice param-
eters. The true lattice parameter of the specimen was determined by a least square
regression of the values calculated from each reflection against cos � cot �, taking
lattice parameter as the intercept of the regression line [2].
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3. Thermodynamic analysis

A thermodynamic analysis was carried out to predict the more
stable phase and to compare with mechanical alloying results. Con-
sidering the formation of the disordered A(B) solid solution from a
mixture of pure A and B elements (as the standard state), the Gibbs
free energy change can be presented as [15]:

�GS = �HS
m − T�SS (1)

where, �HS
m and �SS are the enthalpy and entropy of mixing,

respectively. T is the temperature at which a solid solution is
formed. Also, for the formation of solid solution from elemental
powders, �SS can be calculated with the assumption of configura-
tional entropy of mixing:

�SS = −R(xA ln xA + xB ln xB) (2)

where, R is the universal gas constant, and xA and xB are the mole
fractions of elements A and B, respectively.

According to Miedema’s semi-empirical model, the enthalpy of
formation of a solid solution consists of three terms [16]:

�HS
m = �Hchemical + �Helastic + �Hstructural (3)

where, �Hchemical is the chemical contribution, which is the same
for liquid and solid solutions. �Helastic represents the elastic mis-
match energy due to size mismatch, and �Hstructural represents the
lattice stability energy due to the difference in valence electrons
and crystal structure of solute and solvent atoms. �Hchemical for
binary A–B alloy can be calculated as [16]:

�Hchemical = 2Pf (CS)(xAV2/3
A + xBV2/3

B )

(nA
ws)

−1/3 + (nB
ws)

−1/3

×
[
−(�˚∗)2 + Q

P
(�n1/3

ws )
2 − S

P

]
(4)

where, ˚*, V and nws are the work function, the molar volumes and
the electron density of constituent elements, respectively. P, Q and
S are empirical constants related to constituents and f(CS) is the
concentration function that for solid solutions is given by Eqs. (5)
and (6).

f (CS) = CS
ACS

B (5)
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B

(6)

The elastic contribution of enthalpy can be expressed as [17]:

�Helastic = xAxB(xA�EA in B + xB�EB in A) (7)

where, �EA in B and �EB in A are the elastic energy caused by A
dissolving in B and B dissolving in A, respectively. They can be
calculated by

�EA in B = 2KA.GB(�V)2

3KA.VB + 4GBVA
and �EB in A = 2KB.GA(�V)2

3KB.VA + 4GAVB
(8)

where, K and G are the bulk and shear modulus, respectively.
�Hstructural is related to the number of valence electrons per

atom. This is a small positive value and can be neglected in the
estimation.

Since during mechanical alloying the formation of an amor-
phous alloy is possible, the mixing enthalpy in this state,
�Hamorphous, can be determined by Eq. (9). For an amorphous alloy
both the elastic and structural enthalpies can be neglected, because
there is no crystal structure and the atoms can arrange themselves
in such a way that mismatch is avoided [16–18].

�Hamorphous = �Hchemical + ˛Tfuse (9)

Table 1
Required parameters for thermodynamic analysis according to Miedema’s model in
Cu–Cr system [16–18].

Cu Cr

nws
1/3 (cm−1) 1.47 1.73

˚* (V) 4.45 4.65
K (1010 N m−2) 13.7 16.02
G (1010 N m−2) 4.8 11.53
V (cm3 mol−1) 7.1 7.12
Tm (K) 1357.6 2130

P = 14.1 kJ V−2 cm−1, S/P = 0 and Q/P = 9.4.

where, ˛ = 3.5 J mol−1 K−1 and Tfuse is defined as:

Tfuse = xATA
m + xBTB

m (10)

where, Tm is the melting temperatures of A and B elements.
Therefore, the enthalpy, entropy and Gibbs free energy changes

for formation of a disordered solid solution and an amorphous alloy
in terms of xA and xB can be calculated. The required parameters in
Eqs. (1)–(10) for the Cu–Cr alloy system are given in Table 1. The
calculated results at 298 K are shown in Fig. 1.

Fig. 1 shows that the elastic contribution is small. This is due to
the small difference in Cr and Cu atomic sizes. This can be found
from molar volume values in Table 1. However, chemical enthalpy
is the dominant contribution of enthalpy for solid solution forma-
tion due to the difference between bonding energy at initial state
and solid solution in Cu–Cr system. Gibbs free energy change for
crystalline solid solution and amorphous phase formation is posi-
tive at all compositions and there is no driving force to form these
phases from the elemental components. Consequently, formation
of them needs an external energy. Furthermore, the Gibbs free
energy change of amorphous formation is higher than that of the
crystalline solid solution; i.e. the solid solution is more stable than
amorphous phase. This result is relatively in agreement with the
calculation by the CALPHAD method in the literature [19].

4. Results and discussion

4.1. Effect of PCA

Fig. 2 shows the XRD patterns of the mechanically alloyed pow-
der mixtures milled either with PCA or without it. It can be seen

Fig. 1. Enthalpies, entropy and Gibbs free energy change for the formation of solid
solution and amorphous phase in Cu–Cr system.
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