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Heat treatment for the Copper and Copper based alloys are divided in two 
general categories: first one are softened by high-temperature quenching 
and hardened by lower-temperature treatments, second one are hardened 
by quenching from high temperatures through martensitic-type reactions 
[Total Mat., March 2003]. The copper alloys, harden during low-to-
intermediate temperature treatments after solution quenching consist of 
spinodal-hardening. Spinodal hardening consists of small composition 
fluctuations over a large space, instead of a classical nucleation process in 
which large composition fluctuations over a small space. In this study, 
after the detailed exposure to the theories of hardening mechanisms and 
spinodal reactions experimental research and numerical studies on 
spinodal decomposition are reviewed. 
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1. Introduction 
The Copper-Nickel (Cu-Ni) binary system is considered to be an ideal isomorphous system. However, the 

addition of a ternary alloying element such as Iron (Fe), Tin (Sn), or Chromium (Cr) can introduce miscibility gaps 
which make these alloys susceptible to heat treatment and changes the properties of the binary alloys [15]. Cu-Ni-
Fe alloys widely used as magnetic materials, and Cu-Ni-Sn alloys, after appropriate heat treatment, possess very 
high elastic limits and are therefore attractive as spring materials. Cu-Ni-Cr alloys are mainly used in condenser 
tubes for naval environment [16].  

Copper and its alloys are the most versatile engineering materials. Physical properties of Copper such as 
strength, ductility, conductivity, corrosion resistance and machinability makes more suitable for a wide range of 
applications. The suitability of Copper alloys in naval environment makes it appropriate as Naval alloy. These 
properties can be further enhanced with variations in composition and manufacturing processes. In the traditional 
approach, there are six common methods that are used to strengthen the copper and its alloys. The methods are 
work hardening, solid-solution hardening, grain boundary hardening, dual-phase hardening, precipitation hardening 
and order hardening [19]. 
 
2. Traditional Hardening Methods 

In this section traditional approaches of hardening are discussed as, 
2.1. Work hardening 

The phenomenon where ductile metals become strong and hard when they are deformed plastically is 
called work hardening or strain hardening. The application of cold work, usually by rolling, forging or drawing 
operations, strengthens copper and its alloys, while strength, hardness and elastic modulus increase and ductility 
decreases during this process. With the help of annealing process the outcome of cold work can be rectified. Strain 
hardening is used for hardening/strengthening materials that are not responsive to heat treatment [17]. 
2.2. Solid solution hardening 

Solid solution hardening of copper is a common strengthening method. In this method a small amount of 
alloying elements such as zinc, aluminum, tin, nickel, silicon, beryllium etc. are added to the molten copper to 
completely dissolve them and to form a homogeneous microstructure (a single phase) upon solidification. This is 
because stress fields generated around the solute atoms present in the substitutional sites interact with the stress 
fields of moving dislocations, thereby increasing the stress required for plastic deformation. Traditional Brasses and 
Bronzes fall into this category [13]. 
2.3. Grain boundary hardening 

Grain boundaries act as an impediment to the dislocation motion. With the increase in grain size the number 
of dislocations will decreases with average grain size. A lower number of dislocations per grain results in a lower 
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dislocation 'pressure' building up at the grain boundaries. This relationship is called the Hall-Petch relation [13]. Heat 
treatment after plastic deformation and changing the rate of solidification is Grain boundary hardening. 
2.4. Dual-phase hardening 

Bronze is usually a single phase alloy. Aluminum Bronze is a type of Bronze in which aluminum is the main 
alloying element added to copper, in contrast to standard Bronze (Cu and Sn) or Brass (Cu and Zn). When adding 
aluminum above 10%, another phase forms. The second phase also contributes the strengthening of the alloy [9]. 
2.5 Precipitation hardening 

Precipitation hardening refers to a process where a supersaturated solid solution is heated at a low 
temperature for a period (aging) so as to allow the excess solute to precipitate out in the form of a second phase. 
This process is often used for Cu alloys containing Be. [7]. 

2.6. Order hardening 

When the atoms of a disordered solid solution arrange themselves in an orderly manner at a lower 
temperature ordered structure forms. Lattice strain develops due to the ordered nature of the structure and this 
strain contributes to the hardening and the strengthening of these alloys [4]. 
 
3. Recent approaches of hardening 

   From years, several new approaches had been generated for hardening of copper and its alloys, briefly 
discussed as below [4]. 

 3.1. Dispersion hardening 

Conventional strengthening mechanisms, such as cold working and precipitation hardening, are ineffective 
at high temperature, owing to the effects of recrystallization, and particle coarsening and dissolution respectively. 
Applications require materials with a high thermal conductivity in combination with high elevated temperature 
strength in oxygen or hydrogen rich environments, for which copper based alloys are natural choices. In addition to 
its high thermal conductivity, copper has the advantage of a low elastic modulus, which minimizes thermal stresses 
in actively cooled structures. Copper also offers good machinability, good formability and, for fusion applications, it is 
attractive for its excellent resistance to neutron displacement damage. However, copper requires a considerable 
improvement in strength to meet the design requirements for high temperature applications. Copper based 
composites have excellent thermo-physical properties coupled with better high temperature mechanical properties 
as compared to pure copper and its alloys. In the copper based metal matrix composite, SiCp is widely used as 
reinforcing element to the matrix to enhance their various properties. Further, the metal matrix composites, in which 
hard ceramic particles are dispersed in a relatively ductile matrix, exhibit a superior combination of properties such 
as high elastic modulus, high specific strength, desirable co-efficient of thermal expansion, high temperature 
resistance and wear resistance. Metal matrix composites are being increasingly used for structural, automobile and 
aerospace industry, sporting goods and general engineering industries. Dispersion particles are insoluble in the 
copper matrix and thermally stable at high temperature, are being increasingly used as the reinforcement phase. 

3.2. Surface modification 

In the surface modification process, hard-facing is a commonly employed method to improve surface 
properties. Spray forming or spray atomization and deposition is a newly emerging science and technology in the 
field of materials development and production in recent years. Spray forming technology, as an advanced 
processing, combined the advantages of rapid solidification, semi-solid processing and near net shape processing. 
Spray forming would bring a distinct improvement in microstructure and properties of materials. It can be used for 
developing new types of materials and for improving microstructure and properties of commercial materials. The 
spray formed Cu-15Ni-8Sn alloy is an example of developing new types of materials, in which Ni and Sn are 
sprayed over the Cu substrate. This alloy achieves high strength with high conductivity and good corrosion 
resistance. The alloy may replace Cu-Be alloys in highly demanding applications in electronic equipment, e.g. 
electrical switchgear, spring, contacts, connectors etc. 
3.3. Spinodal hardening 

Spinodal decomposition is a mechanism of homogeneous phase transformation which usually produces a 
uniform microstructure. It was first described for chemical solutions by J. Willard Gibbs in last decade. 
Thermodynamically, the spinodal can be described as the condition that the second derivative of the free energy 
with respect to composition is solution decomposes spontaneously into two phases, because there is no activation 
barrier for nucleation. Therefore Gibbs referred to the spinodal as the limit of metastability Fig 1, recently that 
extension of spinodal phenomena to metallurgical theory and solid solution reactions has been introduced [3]. 

Unlike nucleation and growth, phase separation by spinodal decomposition is uniform all over the 
microstructure since inside the spinodal there is no thermodynamic barrier, except a diffusional one, opposing the 
formation of second phase embryos. 

Spinodal decomposition can change the properties of a material to a great extent and possesses both 
positive and negative consequences. Microstructure can become brittle and the hardness and strength could 
increase remarkably. Electrical resistivity and corrosion resistance decrease while Curie temperature is enhanced; 
also a significant amount of heat is released [3].  

Vycor glass is example where fine-scale phase separated microstructure due to spinodal decomposition is 
exploited to produce catalyst substrates and molecular sieves [19]. 

http://en.wikipedia.org/wiki/Heat_treatment
http://en.wikipedia.org/wiki/Heat_treatment
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 Fig1: Phase diagram with a miscibility gap (Favvas et al., 2008) 

The Fe-Cr binary system is susceptible to phase separation at intermediate and low temperatures. In fact 
ferrite or martensite of Fe-Cr based alloys suffers a microstructural evolution which results in embrittlement [15]. 

 
4. Spinodal versus Nucleation 

Spinodal decomposition and Nucleation/growth occur within a meta-stable supersaturated solid solution. In 
the case of spinodal hardening, a small fluctuation in the solute concentration takes place and the fluctuation 
enlarges subsequently as illustrated in Figure 2 (a) No new phase forms in this case but only a composition gradient 
exists, depicting solute-rich and solute-lean regions, with no sharp boundary between these two. This process is 
accomplished by the diffusion of solute atom from one region to another as shown in Figure 2 (a), a phenomenon 
called up-hill diffusion. The solute rich and solute-lean regions have the same crystal structure. There is no in 
cubation period in this process [18]. 

In the case of Nucleation and growth process a nucleus form and grows subsequently as illustrated in 
Figure 2 (b). Nucleation/growth process is accomplished by the diffusion of solute atom from the matrix towards the 
nucleus, a phenomenon called down-hill diffusion. The new phase formed by the process may have a different 
structure from the parent matrix and a sharp interface exists between the parent matrix and the precipitates Figure 2 
(b). Normally, there is an incubation period for this process. 
 

 
Fig. 2. Representation of Spinodal versus Nucleation [18] 

5. Advantages Of Spinodal Decomposition  

There are definite advantageous [4] of using spinodal decomposition process as against the precipitation 
hardening method. These are abridged here:  

The decomposition-product phases have the identical structure but are dissimilar in composition, while in 
the case of precipitation the precipitate phase has a unlike structure and composition from that of the matrix. The 
principal advantage of the products having the identical structure is that microstructure is consistent. Consequently 
there are no local anodes and cathodes (eg. grain boundary precipitates) to deteriorate corrosion resistance.  

Hardening by spinodal decomposition is not predisposed by section thickness or quenching rate. If the 
radius of the precipitate nuclei is less than a critical value, the precipitate phases cannot be nucleated.  
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At usual temperatures of application modulated (spinodal) alloys are not probable to over-age or 
recrystallize, while precipitation hardening alloys show a slow however exact over-ageing tendency.  

 
6. Applications of Spinodal Decomposition 

1. In electrical, automobile and building industries.  

2. In ordnance and also in biological and agricultural areas.  

3. Condenser tubes and seawater piping.  

4. Manufacture of bullet envelopes.  

5. Coinage making.  

6. Electrical resistance and thermocouples.  

7. Turbine blades production.  

8. Used to produce heat exchanger tubes 

 
7. Conclusion 

We have studied the spinodal decomposition process in copper based ternary alloy. The decomposition 
process is initiated with the formation of α layer at the grain boundaries. The interior of the grain is filled with the β-
phase in small grains and the interior exhibits the usual spinodal microstructure in large grains. The kinetics in a 
copper based alloy is much faster than that in a single crystal. Also, the grain growth is completely suppressed 
.during the phase separation process, it shows increased in hardness of alloys. The significant microstructure 
contains a homogeneous distribution of diminutive, coherent interconnected particles.  
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