
274 CHAPTER 9 Phase  Diagrams

 9.1 The Phase Rule
In this chapter we shall be quantifying the nature of microstructures. We begin 
with definitions of terms you need in order to understand the following discussion.

A phase is a chemically and structurally homogeneous portion of the 
microstructure. A  single-  phase microstructure can be polycrystalline (e.g., 
Figure 9.1), but each crystal grain differs only in crystalline orientation, not in 
chemical composition. Phase must be distinguished from component, which is 
a distinct chemical substance from which the phase is formed. For instance, we 
found in Section 4.1 that copper and nickel are so similar in nature that they 
are completely soluble in each other in any alloy proportions (e.g., Figure 4.2). 
For such a system, there is a single phase (a solid solution) and two components 
(Cu and Ni). For material systems involving compounds rather than elements, 
the compounds can be components. For example, MgO and NiO form solid 
solutions in a way similar to that for Cu and Ni (see Figure 4.5). In this case, 
the two components are MgO and NiO. As pointed out in Section 4.1, solid 
solubility is limited for many material systems. For certain compositions, the 
result is two phases, each richer in a different component. A classic example is 
the pearlite structure shown in Figure 9.2, which consists of alternating layers 

FIGURE 9.1  Single-  phase microstructure 
of commercially pure molybdenum, 
200 * . Although there are many grains 
in this microstructure, each grain has the 
same uniform composition. (From ASM 
Handbook, Vol. 9: Metallography and 
Microstructures, ASM International, 
Materials Park, OH, 2004.)

FIGURE 9.2  Two-  phase microstructure 
of pearlite found in a steel with 0.8 wt % C,  
650 * . This carbon content is an average of 
the carbon content in each of the alternating 
layers of ferrite (with 6  0.02 wt , C) 
and cementite (a compound, Fe3C, which 
contains 6.7  wt % C). The narrower 
layers are the cementite phase. (From 
ASM Handbook, Vol. 9: Metallography 
and Microstructures, ASM International, 
Materials Park, OH, 2004.)
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 SECTION 9.1 The Phase Rule 275

of ferrite and cementite. The ferrite is a@Fe with a small amount of cementite 
in solid solution. The cementite is nearly pure Fe3C. The components, then, are 
Fe and Fe3C.

Describing the ferrite phase as a@Fe with cementite in solid solution 
is appropriate in terms of our definition of the components for this system. 
However, on the atomic scale, the solid solution consists of carbon atoms dis-
solved interstitially in the a@Fe crystal lattice. The component Fe3C does not 
 dissolve as a discrete molecular unit, which is generally true for compounds in 
solid solution.

A third term can be defined relative to phase and component. The degrees 
of freedom are the number of independent variables available to the system. For 
example, a pure metal at precisely its melting point has no degrees of freedom. 
At this condition, or state, the metal exists in two phases in equilibrium (i.e., in 
solid and liquid phases simultaneously). Any increase in temperature will change 
the state of the microstructure. (All of the solid phase will melt and become 
part of the liquid phase.) Similarly, even a slight reduction in temperature will 
completely solidify the material. The important state variables over which the 
materials engineer has control in establishing microstructure are temperature, 
pressure, and composition.

The general relationship between microstructure and these state vari-
ables is given by the Gibbs* phase rule, which, without derivation, can be 
stated as

  F = C - P + 2, (9.1)

where F is the number of degrees of freedom, C is the number of components, 
and P is the number of phases. The 2 in Equation 9.1 comes from limiting the 
state variables to two (temperature and pressure). For most routine materials 
processing involving condensed systems, the effect of pressure is slight, and we 
can consider pressure to be fixed at 1 atm. In this case, the phase rule can be 
rewritten to reflect one less degree of freedom:

  F = C - P + 1. (9.2)

For the case of the pure metal at its melting point, C = 1 and P = 2 (solid +   
liquid), giving  F = 1 -  2 +  1 = 0, as we had noted previously. For a metal with 
a single impurity (i.e., with two components), solid and liquid phases can usu-
ally coexist over a range of temperatures (i.e., F = 2 -  2 +  1 = 1). The single 
degree of freedom means simply that we can maintain this  two-  phase micro-
structure while we vary the temperature of the material. However, we have 
only one independent variable (F = 1). By varying temperature, we indirectly 
vary the compositions of the individual phases. Composition is, then, a depen-
dent variable. Such information that can be obtained from the Gibbs phase 
rule is most useful, but is also difficult to appreciate without the visual aid of 
phase diagrams. So, now we proceed to introduce these fundamentally impor-
tant maps.

*Josiah Willard Gibbs (1839−1903), American physicist. As a professor of mathematical physics at 
Yale University, Gibbs was known as a quiet individual who made a profound contribution to mod-
ern science by almost singlehandedly developing the field of thermodynamics. His phase rule was a 
cornerstone of this achievement.
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