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MBSE Core Competency Exam 
 

 
Wednesday, June 7, 2023 

9:00 am – noon 
 
 
 
 
Instructions: 
 
 
• You have three hours in which to complete the exam.  
 
• Answer all four questions — they all carry the same weight, and they all require 

approximately the same effort and length of answer. 
 
• 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 that 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) during the exam. 
 
• You will find some potentially useful tables at the end of this document.  
 
 
Good luck! 
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Question 1 

 
 
Structure, properties. 
 
 
(a) Why does diamond have a Mohs hardness of 10, but graphite have a Mohs hardness of 1 

despite their identical chemical composition (carbon)? 
 
 
(b) Explain why a base-centered triclinic Bravais lattice does not exist.  Sketch diagrams to aid 

your explanation. 
 
 
(c)  Identify the following crystal structures. State your reasoning for each identification. If you 

cannot remember the structural name, please describe connectivity, atomic arrangement, 
interstitial sites, and other details to the best of your ability to illustrate your reasoning. Most 
of the credit goes to the reasoning part.  

 
(i) 

 
 

(ii) 

 
 
 
(d) TiO and ScN both adopt the rock salt structure. Explain why TiO is an electrical conductor, 

but ScN is an electrical insulator. Sketch the necessary diagrams to aid your explanation. 
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Question 2 

 
 

Structure, thermodynamics, properties. 
 
 
“The mechanical and electical properties of materials are dictated by defects — electronic, 
crystallographic, and microstructural.” 
 
Please construct a carefully reasoned argument in support of the above statement.  Your answer 
should include careful descriptions of as many different defect types as possible, whether and 
how the presence of those defects can be controlled, and the impact of those defects on the stated 
properties. 
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Question 3 

 
 
(a) Beta tin.  
 

Pure tin has multiple allotropes. White tin, also called !-tin, is the stable form of pure tin 
from 13 °C to 232 °C. 
 
(i) Bulk !-tin has a melting temperature of 232 °C, while nanoparticles of !-tin melt at 

177 °C. This difference is thermodynamic (as opposed to kinetic) in nature. 
Discuss possible reasons for the difference in melting temperatures. 

 

(ii) Sketch qualitatively, taking care to represent noteworthy features, the Gibbs-free-
energy curves "(#) for the bulk-solid, nanoparticle, and liquid phases. Explain the 
reasoning you use to decide how to sketch the curves. 

 
(iii) Can you determine from the information on your graph the difference between the 

melting enthalpies of the two solid phases?  Explain. 
 
 
(b) Thermoelectric effects.  
 

Describe and explain a thermoelectric effect, such as the Seebeck or Peltier effect. 
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Question 4 

 
 
(a) Energy, structure, properties. 
 
A semiconductor LED, powered by a battery, is emitting red light.  The LED (but not the 
battery) is immersed in liquid nitrogen, and the light becomes brighter and changes color to 
yellow. 
Why do the brightness and color change as observed? 
 
(b) Materials and biomaterials. 
 
The images on the following three pages are scans of pages from the book “Science Fair 
Winners: Bug Science”, by Karen Romano Young, published by National Geographic Society, 
Washington. DC, 2009.  The target audience is middle-school students and their teachers. 
There are several glaring mistakes in the background information and the experimental design.  
Please identify as many of the mistakes as possible, describing what you perceive to be the 
errors, and suggesting appropriate corrections.  (You do not need any background in biology to 
score 100% on this question, but bonus points are available for spotting misrepresentations of 
biological facts.) 
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Useful Information 
 

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, 42m, !!

!
!

!
! 

 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, 62m, !!

!
!

!
! 

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

432, 43m, !! 3
!
! 

 
 
 

Periodic Table of Elements 

 


