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The strength of metallic materials can be enhanced 

using: 

(a) grain size strengthening (Hall-Petch equation); 

(b) cold working or strain hardening; 

(c) formation of small particles of second phases; and 

(d) additions of small amounts of elements. 

When small amounts of elements are added, a solid 

material known as a solid 

solution may form. A solid solution contains two or 

more types of atoms or ions that are dispersed 

uniformly throughout the material. The impurity or 

solute atoms may occupy regular lattice sites in the 

crystal or interstitial sites. 



The point defects are created by the impurity or solute 

atoms disturb the atomic arrangement in the crystalline 

material and interfere with the movement of dislocations. 

The point defects cause the material to be solid-solution 

strengthened. 

The introduction of alloying elements or impurities during 

processing changes the composition of the material and 

influences its solidification behavior. A phase diagram 

depicts the stability of different phases for a set of 

elements (e.g., Al and Si). From the phase diagram, we can 

predict how a material will solidify under equilibrium 

conditions. We can also predict what phases will be 

expected to be thermodynamically stable and in what 

concentrations such phases should be present. 



Phases and the Phase Diagram 

Pure metallic elements have engineering applications; for example, 

ultra-high purity copper (Cu) or aluminum (Al) is used to make 

microelectronic circuitry. In most applications, however, we use 

alloys. We define an alloy  as a material that exhibits 

properties of a metallic material and is made from multiple 

elements. A plain carbon steel is an alloy of iron (Fe) and carbon 

(C). Corrosion-resistant stainless steels are alloys that usually 

contain iron (Fe), carbon (C), chromium (Cr), nickel (Ni), and some 

other elements. Similarly, there are alloys based on aluminum 

(Al), copper (Cu), cobalt (Co), nickel (Ni), titanium (Ti), zinc (Zn), 

and zirconium (Zr). There are two types of alloys: 

single-phase alloys and multiple phase alloys. 







Phase Rule 

Gibbs developed the phase rule in 1875–1876. It describes the 

relationship between 

the number of components and the number of phases for a given 

system and the conditions that may be allowed to change (e.g., 

temperature, pressure, etc.). It has the general form: 

2 + C = F + P (when temperature and pressure both can vary)      (1-10) 

In the phase rule, C is the number of chemically independent 

components, usually elements or compounds, in the system; F is the 

number of degrees of freedom, or the number of variables (such as 

temperature, pressure, or composition), that are allowed to 

change independently without changing the number of phases in 

equilibrium; and P is the number of phases present (please do not 

confuse P with pressure ). 
The constant 2  in Equation 10-1 implies that both the temperature 

and pressure are allowed to change. 

 





















To have unlimited solid solubility. 

behaves as a substitutional atom that strengthens the copper-

zinc alloy, as compared with pure copper. 













      A phase diagram shows the phases and their compositions at any 

combination of temperature and alloy composition. When only two 

elements or two compounds are present in a material, a binary phase 

diagram can be constructed. Isomorphous phase diagrams are found in 

a number of metallic and ceramic systems. In the isomorphous systems, 

which include the copper-nickel [Figure 10-9(a), only one solid phase 

forms; the two components in the system display complete solid 

solubility. As shown in the phase diagrams for thallium-lead (Tl-Pb) 

systems, it is possible to have phase diagrams show a minimum or 

maximum point, respectively [Figure 10-9(b)]. 

Notice the horizontal scale can represent either mole% or weight% of 

one of the components. 

We can also plot atomic% or mole fraction of one of the components. 

Isomorphous Phase Diagrams 



Figure 10-9 (a) and (b) The equilibrium phase diagrams for the Cu-Ni 

The liquidus and solidus temperatures are shown for a Cu-40% Ni alloy. (b) 

Systems with solid-solution maxima and minima. (Adapted from Introduction 

to Phase Equilibria, by C.G. Bergeron, and S.H. Risbud. Copyright © 1984 

American Ceramic Society. Adapted by permission.) 



 





Phases Present  
Often we are interested in which phases are present in an alloy at a 

particular temperature. If we plan to make a casting, we must be sure that 

the metal is initially all liquid; if we plan to heat treat an alloy component, 

we must be sure that no liquid forms during the process. Different solid 

phases have different properties. 

For example, BCC Fe (indicated as the  phase on the iron-carbon phase 

diagram) is ferromagnetic; however, FCC iron (indicated as the  phase on the 

Fe-C diagram) is not. 

The phase diagram can be treated as a road map; if we know the 

coordinates— 

temperature and alloy composition—we can determine the phases present, 

assuming we know that thermodynamic equilibrium exists. There are many 

examples of technologically important situations in which we do not want 

equilibrium phases to form. When we harden steels by quenching them 

from a high temperature, 

the hardening occurs because of the formation of nonequilibrium phases. In 

such cases, phase diagrams will not provide all of the information we need. 

In these cases, we need to use special diagrams that take into account the 

effect of time (i.e., kinetics) on phase transformations. 

The following two examples illustrate the applications of some of these 

concepts. 





 










































