
MBSE Core knowledge exam

Wednesday, June 2, 2021 Name

Instructions: You have three hours to complete the exam. Answer all of the questions—they
all carry the same weight.

Be sure to read each question carefully, and please ask for clarification if you don’t understand
the meaning.

Please start your answer to each question on a new page.

Include all the details of your thought process, along with any sketches, graphs, equations, and
derivations needed to support your arguments. Be sure to label all sketches and graphs clearly,
define all variables you use, and clearly state all relevant assumptions.

Your answers must contain only your own work. You may not consult any outside sources
(written, spoken, or electronic, including calculators) during the exam.

You’ll find some potentially useful tables at the end.

Good luck!
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1. Critical sizes. Consider the following two situations:
i. An embryo forms spontaneously in molten copper, below the equilibrium temperature for solidification.

ii. A crack grows slowly in a large piece of mild steel.

Once the embryo reaches a critical dimension (the critical nucleus size), continued growth under the
prevailing conditions is assured. Similarly, once the crack reaches a critical dimension (the critical crack
length), continued growth under the prevailing conditions is assured.

Demonstrate how, in both cases, a simple energy balance can be used to derive the critical dimension in
terms of appropriate material properties.
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2. Origins of properties.

(a) With reference to reciprocal space (k-space), explain how electron energy bands and band gaps arise
in solids. What are the significance of Brillouin zones and the Fermi surface in this context? How do
these concepts relate to the properties of real materials?

(b) ScN and TiN both adopt the rock salt structure. ScN is an electrical insulator, whereas TiN is a good
electrical conductor.

Please explain the reason behind the difference in electrical properties. Sketch diagrams to aid your
explanation.

(c) Based on your answer from (b), what is the nature of the bonding in ScN vs. TiN?

(d) How would you describe the rock salt structure using the space-sharing polyhedra model?
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3. Crystal symmetry.

(a) What is the maximum number of non-zero, non-equal coefficients that are needed to describe the thermal
expansion of

i. a triclinic crystal,
ii. an orthorhombic crystal,

iii. a hexagonal crystal, and
iv. a cubic crystal,

when in each case the temperature is changed by 5 ◦C from one uniform value to another. Clearly state
your reasoning, along with any assumptions.

(b) Based on symmetry, to which crystal system do each of the following single crystals belong? Please
explain your reasoning.

i. A regular octahedron:

ii. A shape like a regular octahedron that has been elongated uniformly in one direction, as shown:
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4. The titanium-silicon system.
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Figure 1: The temperature-composition phase diagram of the solid and liquid phases of the titanium-silicon
system at 1 bar. The regions labeled �, �, and  , and the straight vertical lines are single-phase regions,
the latter having near-zero width. The � phase, occupying just a barely visible sliver on the diagram, has
the hexagonal-close-packed (HCP) structure, the � phase has the body-centered-cubic (BCC) structure,
and the  phase has composition near that shown at the bottom of its range. The numeric labels inside the
frame indicate the temperatures of the adjacent horizontal lines or peaks of the adjacent curves. Note that
the horizontal line at 1250 ◦C, the vertical arrow at xSi = 0.3, and the temperature and composition grid
lines are not features of the phase diagram.

Figure 1 shows a phase diagram for the titanium-silicon system.

(a) Sketch a qualitatively accurate set of molar Gibbs-free-energy curves Ĝ(x) of all of the competing
phases for T = 500 ◦C. Explain the logic behind your selection of phases and your choices of the
positions and features of the curves.

(b) Describe in detail the progression of thermodynamic equilibrium states of the system along the red line
at xSi = 0.3, from the bottom of the line to the tip of the arrow at the top. Don’t neglect the details of
any phase transitions that occur.

(c) Suppose we arrange somehow to maintain a constant source of pure Ti at the left end (position coordinate
x = 0) of a long bar of Ti5Si3.
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i. Sketch the concentration profiles of Ti and Si prior to any interdiffusion.
ii. Now suppose we raise and hold the temperature at 1250 ◦C, indicated in Figure 1 by a horizontal

line with dots at its endpoints, the compositions of pure Ti and of the bar prior to any interdiffusion.
Explain what happens subsequently.

iii. Sketch qualitatively the concentration profiles you would expect to measure after several hours
and again after several more hours.
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Table 1 
 

Crystal 
system  

Characteristic/ 
defining symmetry 

Viewing directions  Point group /  
crystal class  
(full symbol) 

1st 
letter  

2nd 
letter  

3rd 
letter  

 Triclinic  1-fold symmetry  1 or 1"   1 or 1" 

 Monoclinic  One 2-fold (diad)  b (c)   2, m, !
"
	 

Orthorhombic  Three 2-folds (diad)   a  b  c 222, 2mm, !
"

!
"

!
"

 

 Tetragonal  One 4-fold (tetrad)  c  a [110] 
4, 4", #

"
 

422, 4mm, 4"2m, #
"

!
"

!
"

 

 Trigonal  One 3-fold (triad)  c  a [210] 
3, 3" 
32, 3m, 3" !

"
 

 Hexagonal  One 6-fold (hexad)  c  a [210] 
6, 6", $

"
 

622, 6mm, 6"2m, $
"

!
"

!
"

 

 Cubic  Four 3-folds (triad)  a [111] [110] 
23, !

"
3" 

432, 4"3m, #
"
3" !
"

 

 
  



Table 2  
  
Symmetry Element Graphical Symbol Translation Symbol 

Identity None None   1 

2-fold ⊥ page 
 

None   2 

2-fold in page 
 

None   2 

2 sub 1 ⊥ page 
 

1/2   21 

2 sub 1 in page 
 

1/2   21 

3-fold 
 

None   3 

3 sub 1 
 

1/3   31 

3 sub 2 
 

2/3   32 

4-fold 
 

None   4 

4 sub 1 
 

1/4   41 

4 sub 2 
 

1/2   42 

4 sub 3 
 

3/4   43 

6-fold 
 

None   6 

6 sub 1 
 

1/6   61 

6 sub 2 
 

1/3   62 

6 sub 3 
 

1/2   63 

6 sub 4 
 

2/3   64 

6 sub 5 
 

5/6   65 

Inversion 
 

None   1 

3 bar 
 

None   3 

4 bar 
 

None   4 

6 bar 
 

None   6 = 3/m 

2-fold and inversion 
 

None   2/m 



2 sub 1 and inversion 
 

None   21/m 

4-fold and inversion 
 

None   4/m 

4 sub 2 and inversion 
 

None   42/m 

6-fold and inversion 
 

None   6/m 

6 sub 3 and inversion 
 

None   63/m 

 
 
 
  



Table 3  
 

Symmetry plane Graphical symbol Translation Symbol 
Reflection plane 

 

None   m 

Glide plane 
 

1/2 along line   a, b, or c 

Glide plane 
 

1/2 normal to plane   a, b, or c 

Double glide plane 
 

1/2 along line & 
1/2 normal to plane   e 

Diagonal glide plane 
 

1/2 along line & 
1/2 normal to plane   n 

Diamond glide plane 
 

1/4 along line & 
1/4 normal to plane   d 

 
 
 
 
Table 4  
  
Symmetry plane Graphical symbol Translation Symbol 

Reflection plane 
 

None   m 

Glide plane 
 

1/2 along arrow   a, b, or c 

Double glide plane 
 

1/2 along either arrow   e 

Diagonal glide plane 
 

1/2 along the arrow   n 

Diamond glide plane 
 

1/8 or 3/8 along the arrows   d 
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