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Course C: Microstructure

Exsolution and Ordering in Solid Solutions  — ANSWERS

1.1  This  part  of  the  practical  demonstrates  the  phenomenon  of  
miscibility/immiscibility in solutions via observations of critical  opalescence. The  
practical has been written up as a teaching learning package (TLP) available on the  
web, so it is advisable to have a quick look at this beforehand:
http://www.msm.cam.ac.uk/doitpoms/tlplib/solid-solutions/index.php
You may fnd it especially useful to look at the videos of how the experiment is  
supposed to work:
http://www.msm.cam.ac.uk/doitpoms/tlplib/solid-solutions/demo.php  (follow the two 
links at the bottom of the page).
It may also be a good idea to point out to the students that this TLP exists and show  
them the videos if their experiments did not work too well.

a) Sketch of apparatus.

b) On heating above 30-35 °C, the two liquids should become miscible, so that the  
meniscus disappears, and you have a single solution. As soon as this happens the  
students should STOP heating. 

c) Dot should be placed roughly in the 50:50 position and at a temperature above the  
solute point (i.e. in the stability feld of the single-phase solution).

d) Explanation of observations is given in the practical script. The students can read  
this through in their own time if they are pushed for time. Just to try us, on cooling the  
solution may become cloudy. Here is a quote from Douglas Atack and O.  K. Rice, 
J. Chem. Phys., 22 [3] 382 (March 1954):

It was suggested to us by Dr.  B. H. Zimm that it might be possible to measure  
the density in the “no-man's-land” of the wet fog by raising the temperature very  
slightly without stirring. If any density differences had developed in the tube,  
these should persist,  but  the fog could be expected to  clear.  We found this  
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technique extremely helpful, both in measuring the density, and in observing the  
formation of the meniscus, and it has been used in the present work, which is  
directed toward measuring the phenomena which occur in the wet-fog region.

2.1  Again,  this  part  of  the  practical  is  described  in  the  TLP  at  
http://www.msm.cam.ac.uk/doitpoms/tlplib/solid-solutions/index.php .  This  is  a  new 
program and there may still be some bugs. Please note down anything that does not  
work so I will fx it. I have restricted the range of numbers that can be entered into the  
various input boxes, so the students can’t go too wrong (hopefully). 

The frst part describes the theory, which is a more general version of that given in the  
lecture handouts (which is only valid for random distributions of cations). If students  
appear to be getting bogged down in this part then encourage them to read it through  
in their own time. It is only important for them to appreciate the fnal result: E   
E0 – J NAA, i.e. that the energy of the system is determined by a constant, J, and the  
number  of  A-A nearest  neighbours,  N AA (the  constant  term  E 0 can  be  ignored). 
Depending on whether J is positive of negative, the system will either try to maximise  
the number of AA neighbours (exsolution) or minimise the number of AA neighbours  
(ordering). 

2.2  Here  we  examine  exsolution  on  cooling  from above  the  solvus.  The  critical  
temperature for a 50:50 composition occurs between 300 and 400  K. Look for the 
existence of short-range clusters above the critical temperature, which fuctuate in and  
out of existence, and the growth of stable islands of A-rich and B-rich regions below  
the critical temperature. You may also be able to spot the fact that the exsolved phases  
become progressively closer in composition to the endmembers as the temperature is  
decreased, leaving you with essentially pure A and pure B at 0  K.

Results for positive J (exsolution)

For  positive  values  of J,  A-A and  B-B  bonds  are  energetically  favourable  (i.e.  
increasing the number of A-A and B-B bonds in the system decreases the enthalpy).  
The system will attempt to maximise the number of favourable A-A and B-B bonds  
and minimise the number of unfavourable A-B bonds. The results of Monte Carlo  
simulations  with  positive J are  shown  for  a  range  of  temperatures.  At  high  
temperatures, the thermodynamic probability of an energetically unfavourable swap is  
very high. Therefore, the majority of swaps are accepted, even if they don’t lower the  
energy of the system. This inevitably leads to a disordered distribution of cations. At  
low temperatures, only those swaps that lower the enthalpy have a high probability of  
being accepted.  This leads to the formation of distinct  A-rich and B-rich regions  
(exsolution).
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2.2 e) As the temperature decreases the number of AA and BB neighbours increases  
and the number of AB neighbours decreases. The effect is to reduce the enthalpy of  
the system.

2.2 f) Exsolved phases occur as randomly-shaped blobs in the simulation, whereas  
exsolution  in  real  materials  tends  to  form  lamellae  in  strict  crystallographic  
orientations. The reason for this discrepancy is that strain energy is not taken into  
account in the simulations. The simulation does not care what shape the precipitates  
are because we only have nearest neighbour interactions. We would have to include  
much more distant interactions to model the effects of strain and anisotropy. Note,  
however, that in the later simulations of antiphase domains (where there is very little  
strain  involved)  there  is  good  agreement  between  the  simulated  and  observed  
microstructures.

2.3 Monte Carlo Simulation with negative J (ordering)

With a negative J, the system will attempt to minimise the number of unfavourable  
A-A and B-B bonds and maximise the number of favourable A-B bonds. It can do this  
by ordering the atoms in such a way that A atoms are always surrounded by B atoms  
(and vice versa). There are two equivalent ordering schemes: the ordered state with  
A atoms  on α sites  and  B atoms  on β sites,  and  the  antiordered  state  with  the  
A atoms on β and B atoms on α.
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2.3 a)

Ordered phase has a larger unit cell than the disordered phase, as shown above.  

2.3 b) Antiordered structure is identical to the ordered structure, but with the A and B  
atoms interchanged. Note the change in colour of the A atoms in the two structures.  
This allows you to easily identify regions of order and antiorder in the simulations.  
Both ordered and antiordered structure have zero AA or BB bonds. Therefore the  
enthalpies of both structures are the same (and therefore they are equally likely to  
occur when ordering takes place).

2.3 c) On heating, a small number of AA and BB “defects” should start to appear. If  
nothing happens then stop the simulation and increase the temperature slightly.

2.4 d) On heating there is a gradual loss of long range order in the system and an  
increase in the degree of short-range order.  Long-range order should break down  
between  300  and  400  K.  Short  range  increases  to  a  maximum at  the  transition  
temperature and then decreases slowly at higher temperatures:
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2.4 e) When starting with a disordered confguration, ordering leads to the generation  
of antiphase domains. Note that unfavourable AA bonds occur only at the boundaries  
between  antiphase  domains.  Over  time  the  antiphase  domains  would  coarsen  to  
eliminate these unfavourable bonds.

2.4 f) NOTE: After you change the composition to 0.4, you MUST click the initialised  
disordered button, otherwise the new composition is not created!

By setting the bulk composition to be slightly diluted in A atoms, the system now has  
the freedom to partition atoms between the domains and the domain boundaries. Note  
how the antiphase boundaries are now occupied by B atoms only (making a black rim  
around all  the domains),  hence eliminating the unfavourable AA bonds that were  
present in the 50:50 case. The domains themselves become closer in composition to  
the ideal 50:50 ratio of A and B. Such chemical segregation at antiphase boundaries  
can be observed using high-resolution chemical analysis in the TEM. 
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