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Phase Diagrams

1.1 Equilibrium phase diagrams

The equilibrium state of a system can be represented on an equilibrium phase diagram. 
Each state has its own stability field, defined as the region of temperature-composition space 
where the free energy of that state is lower than all other possible states of the system. In a 
multi-component material, the state with the lowest free energy might not be a single phase 
(e.g. a homogeneous melt or solid solution) but a mixture of phases (e.g. a mixture of solid 
solution and melt, or an intergrowth of two solid solutions). The aim of this practical is to 
understand why these two-phase stability fields exist and how to interpret equilibrium phase 
diagrams containing two-phase stability fields.

The practical is divided into two parts. In Part 1 you will use the computers to explore how 
the thermodynamic properties of solid solutions and melts vary as a function of composition 
and temperature, and how the solidification of a solid solution from a melt occurs via a two-
phase region in the phase diagram. In Part 2 you will learn how to interpret phase diagrams 
and apply the ‘lever rule’. You should aim to spend 80 minutes on part 1 and 40 minutes on 
part 2.

What you should know by the end of the practical!

i. How the enthalpy and entropy of a solution vary as a function of bulk composition

ii. How the free energy of a solution varies as a function of bulk composition and 
temperature

iii. How to use the ‘common tangent construction’ 

iv. How to interpret equilibrium phase diagrams in simple systems

v. What is meant by a ‘tie line’

vi. How to use the ‘lever rule’
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1.2 Thermodymamics of solutions

The enthalpy and entropy of a binary solution (either solid or liquid) vary as a function of 
composition according to the equations (see lecture handouts for details):

Hsolution = xA HA + xB HB + ΔHmix

Ssolution = xA SA + xB SB + ΔSmix 

where xA and xB are the mole fractions of A and B, respectively (xB = 1- xA), HA and HB 
are the enthalpies of the A and B endmembers, and SA and SB are the entropies of the A and 
B endmembers. The first part of these equations describes the variation in enthalpy and 
entropy of a mechanical mixture of the two endmembers (Fig. 1). The excess enthalpy and 
entropy above that of the mechanical mixture is described by the mixing terms:

ΔHmix = Ψ xAxB

ΔSmix = - R(xAlnxA + xBlnxB)

where Ψ = ½NAZ (2WAB - WAA - WBB) or ½NAZJ in terms of the interaction parameter J 
introduced in the previous practical (note this equation is only valid for a statistically 
random distribution of A and B : short-range order is neglected).

Note that the enthalpy of mixing can be either positive (Ψ  > 0) or negative (Ψ  < 0) 
depending in the relative strengths of the A-A, B-B, and A-B bonds (Fig. 1). A solution with 
Ψ  = 0 is referred to as an ‘ideal solution’. The entropy of mixing is always positive (the 
solution is always more disordered than the endmembers).

Fig. 1. Variation in total enthalpy and entropy of solutions
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(a) On the computer, double click the file “Solid Solution Free Energies” located on 
the desktop. You are presented with five windows entitled “Solid Solution Free 
Energies”, “Control Panel”, “Free energy”, “Enthalpy”, and “Entropy”. The first 
window can be ignored (you can minimise it to the task bar (windows) or dock (mac) 
by clicking the middle window widget).

The “Control Panel” window is used to set values for the thermodynamic properties of the 
solid solution and melt. Enthalpies and entropies are in units of J/mol and J/mol.K, 
respectively. Changes made to these parameters are immediately reflected in the 
corresponding plots of enthalpy, entropy, and free energy in the three plot windows. 

Blue curves are for the solid, red curves are for the melt!

The overall temperature for the calculation is controlled by the “Temperature” box (in 
Kelvin) at the bottom of the control panel.

(b) Spend a couple of minutes changing the parameters in the control panel, and 
observing the corresponding changes in the plots. You can make incremental changes 
by clicking the up and down arrows next to the numbers. Try setting the interaction 
parameter to positive and negative values, and observe the effect on the enthalpy 
curves.

(c) We need to choose sensible relative values for the enthalpies and entropies of the 
solid solution and melt. Would you expect the enthalpies for the solid solution to be 
higher or lower than those for the melt? How about the entropies? How would you 
expect the interaction parameter in the solid to compare with that in the melt?

(d) Set the following values for the parameters in the control panel: 

HA Solid = 2000, HB Solid = 4000
Interaction Parameter = 1000
SA Solid = 20, SB Solid = 20

HA Melt = 8000, HB Melt = 6000
Interaction Parameter = 0
SA Melt = 22, SB Melt = 22

Temperature = 5000
Bulk Composition = 0.5 (any number will do at this stage).

Which phase has the lowest free energy at this temperature (solid or melt)? Over what 
range in compositions is this phase stable?
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(e) Bring the “Free Energy” plot window to the front. Reduce the temperature to 
4000 K and observe the relative positions of the free energy curves for solid and melt. 
Which way does the free energy curve for the solid move relative to that of the melt as 
the temperature is reduced? How can you explain this observation?

(f) From the parameters defined in part (d) calculate the temperature at which you 
expect a sample of pure molten A to solidify on cooling. Set the temperature to the 
answer you calculate and make a sketch of the relative positions of the free energy 
curves. Repeat this procedure for the pure B endmember. At temperatures below the 
freezing point of pure B, which phase has the lowest free energy (solid or melt)? Over 
what range in compositions is this phase stable?

(g) Draw the axes of a graph showing temperature versus composition. Add points to 
the graph showing the freezing points of the A and B endmembers. 

At intermediate temperatures, the free energy curves for the solid and melt intersect. The 
business of deciding which phase is the most stable now becomes more complicated. It is 
tempting to simply say that the single phase with the lowest free energy at a given bulk 
composition is the most stable state. However, there may exist a mixture of two phases, 
whose combined free energy is lower than that of any single phase. To find whether such a 
two-phase mixture exists we use the common tangent construction.

(h) Set the temperature to 1900 K. With the mouse button held down, drag a marquee 
around the area where the two free-energy curves intersect, as shown in Fig. 2. 
Release the mouse and click inside the marquee to bring up a menu of options. 
Choose “expand” to zoom-in on the area of interest. You can expand the graph back to 
full scale at any time by pressing ⌘+A (mac) or ctrl + A (windows).

Fig. 2. Click inside the 
marquee and choose 
“expand” to enlarge the 
selection.
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(i) Set the bulk composition to 0.5. The current bulk composition is shown by the blue 
vertical dashed line. Click on the button “Add Cursors” in the control panel window. 
This adds two cursors A and B onto the graph. The x and y coordinates of the A and B 
cursors are shown in the panel at the bottom of the free energy window. Position one 
of the cursors onto the melt free energy curve at composition 0.5. Note down the free 
energy of the melt. Do the same for the solid. Which single phase has the lowest free 
energy at this composition?

(j) Position the A cursor on the free energy curve of the solid at a bulk composition 
around 0.3. Position the B cursor on the free energy curve of the melt at a bulk 
composition around 0.7. Click on the “Calc Free Energy” button. This draws a straight 
line between the two cursors. The free energy of the two-phase mixture is given by the 
point where this line passes through the bulk composition (as shown by the arrow). 
Note that the free energy of this mixture is higher than the single-phase solid and melt, 
so does NOT represent a stable state of the system. 

(k) Gradually move the cursors closer to bulk composition and recalculate the free 
energy of the mixture. As the cursors get closer to the bulk composition, the free 
energy of the two-phase mixture will decrease and eventually fall below that of the 
single-phase solid and melt. There are many such mixtures. The one with the lowest 
free energy will be the equilibrium state of the system at this bulk composition. Using 
a process of trial and error, find the equilibrium compositions of solid and melt that 
yield the lowest possible free energy of the system.

You should find that the line drawn between the two equilibrium compositions is 
simultaneously tangential to the two free energy curves, and is therefore known as the 
common tangent. For any bulk composition lying between the equilibrium compositions, 
the lowest free energy is given by a mixture of the two equilibrium phases. For any bulk 
composition lying outside the equilibrium compositions, the lowest free energy is a single 
phase. 

(l) Add the two equilibrium compositions to your graph of temperature versus 
composition. Repeat part (k) for a range of temperatures in order to complete the 
phase diagram. Label the stability fields “Melt”, “Solid Solution + Melt” and “Solid 
Solution” appropriately.
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1.3 Miscibility gaps in non-ideal solid solutions

Once our solid solution has solidified fully, we can now examine the consequences of 
having a positive interaction parameter on the free energy of the solid solution at low 
temperature. 

(a) Quit the program and then double click on the file “Solvus Free Energies” on the 
desktop. This is a similar program to before, except we are only dealing with the free 
energy curve of the solid. Set the following parameters in the control panel:

HA Solid = 1000, HB Solid = 1100
Interaction Parameter = 5000
SA Solid = 20, SB Solid = 20

Temperature = 500
Bulk Composition = 0.5 (any number will do at this stage).

(b) Gradually reduce the temperature and observe what happens to the free energy 
curve. Below which temperature does the single-phase solid solution with bulk 
composition 0.5 first break down into a mixture of two phases?

(c) Click on the “Add Cursors” button. Use the common tangent construction to 
produce a phase diagram for the solid solution for temperatures below 350 K.

2.1 Interpretation of phase diagrams:  tie lines and the lever rule

You are provided with a schematic melting loop for the mineral olivine, which is a solid 
solution between the endmembers forsterite and fayalite (Mg2SiO4)-(Fe2SiO4) (Fig. 3).

(a) Plot a point on the phase diagram corresponding to a temperature of 1800 °C and 
bulk composition 60% Mg2SiO4  and 40% Fe2SiO4. What is the stable phase under 
these conditions (melt, solid, or solid + melt)?

(b) Plot a point on the phase diagram corresponding to a temperature of 1650 °C and 
bulk composition 60% Mg2SiO4  and 40% Fe2SiO4. What is the stable state of the 
system under these conditions (melt, solid, or solid + melt)?
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(c) Whenever the bulk composition and temperature land inside a two-phase stability 
field you should draw a tie-line. This is a horizontal line at the temperature of interest, 
extending from one boundary of the two-phase field to the other. Draw a tie-line at 
1650 °C. Plot points where the tie-line intersects the boundaries of the two-phase 
field. These points tell us the chemical composition of the two equilibrium phases at 
that temperature. The composition of the melt is given by the liquidus phase boundary 
and the composition of the solid is given by the solidus phase boundary (see Fig. 3 for 
definitions). 

Fig. 3. Melting loop for an ideal solid solution

The proportions of the two phases in equilibrium (i.e. the relative amounts of each phase in 
the mixture) are given by the lever rule. The proportions depend on the bulk composition of 
the system, c0, and the compositions of the two phases, c1 and c2:

Proportion of phase 1 = (c2 - c0) / (c2 - c1)

Proportion of phase 2 = (c0 - c1) / (c2 - c1)

These equations are a simple consequence of mass balance (see lecture handout for 
derivation).
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(d) Use the lever rule to determine the proportions of solid and melt phase in 
equilibrium with each other at 1650 °C. Do the same for temperatures of ~1690 °C 
and ~1510 °C. Based on this, answer the following questions:

At what temperature does the solid phase first appear on cooling from 1800 °C?

What is the composition of the first solid to form?

How do the relative proportions of solid and melt changes as the temperature is cooled 
through the two-phase region?

How do the compositions of the solid and melt phases evolve as the temperature is 
cooled through the two-phase region?

At what temperature is the system fully solidified?

What is the composition of the final solid?


